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ABSTRACT 
 
The primary focus of this dissertation is the development of new chemical 
analyses for inorganic, organic, and organometallic compounds.  Interdisciplinary 
approaches combining analytical, polymer, inorganic, organic, and materials 
chemistry have been used to develop new analytical methods.  Topics discussed 
in this dissertation include the development of a sol-gel based metal ion sensor, 
photochemical oxidation of a biomimetic Cr(III) complex, photochemical oxidation 
of organic ligands and other interferences in model Pd catalyst complexes, 
modified Fujiwara reactions for the detection of halogenated hydrocarbons, and 
the development of a controlled-release polymer for delivery of reagents needed 
for chemical sensing applications. 
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Part 1 
Introduction and Background 
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1.1.  Foreword 
 New chemical analysis and chemical sensors have been of intense 
current interest.1  Rapid advances in many areas of science, especially materials 
chemistry, have allowed the use of new materials and analytical methods.  On 
the other hand, these advances also require the development of new and/or 
better methods in chemical analysis. 
 One key feature of our work in new chemical analysis and sensors is the 
diverse targets for analysis and approaches we have taken to analyze them.  As 
this dissertation reveals, our targets for analysis include inorganic, organic, 
organometallic, and biomimetic compounds.  Topics discussed in this 
dissertation range from the development of a Cu(II) sensor in a flowing solution, 
to the use of an oxidation process for the removal of ligands in metal complexes, 
and to the use of polymers for controlled-release of chemical reagents for 
sensing applications.  The commonality between these projects that seem so 
diverse in nature is the overall goal of developing new chemical analyses using 
interdisciplinary approaches.  These interdisciplinary approaches have combined 
and utilized several areas of chemistry including analytical, inorganic, organic, 
and polymer chemistry. 
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1.2.  Summary of Dissertation Parts 
 
1.2.1.  Part Two 
An optical copper ion sensor based on the diffusion-reaction process of 
copper ions within a functionalized sol-gel monolith is reported in Part 2.  A 
discussion of the sol-gel chemistry and synthesis of the sensor monoliths is 
given, followed by characterization of the sol-gel monoliths.  A mathematical 
model is reported that describes the diffusion and complexation reactions 
between Cu(II) ions in solution and the grafted amine groups within the pores of 
the monolith.  The mathematical model was developed in order to correlate the 
change in absorbance associated with the Cu(II) diffusion/complexation in the 
sol-gel monolith to the copper ion concentration.  The result of this project was 
the development of a reversible optical sensor capable of quantifying Cu(II) 
concentrations at levels as low as 20 mM with a high level of reproducibility.  Two 
articles about the preparation of the sol-gel monoliths and Cu(II) sensing, 
respectively, have been published.2-3 
 
1.2.2.  Part Three 
The application of the Advanced Oxidation Process (AOP) and photo 
Fenton process to a biomimetic Cr species is reported in Part 3.  The primary 
goal of this project is to quantitatively oxidize Cr(III) to Cr(VI) and to remove 
ligands in the biomimetic Cr complex for subsequent electrochemical analysis.  
To our knowledge, this is the first known application of AOP for the treatment of a 
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metal complex.  In addition to the oxidation of Cr(III) to Cr(VI) in the process, the 
organic ligands in the biomimetic Cr(III) complex were oxidized and removed.  
Thus Cr(VI) generated from the AOP treatment could be analyzed directly.  A 
description of the Advanced Oxidation Process (AOP) and the photo Fenton 
process is given.  Studies to optimize the conditions for the oxidation processes 
are reported. 
 
1.2.3.  Part Four 
We have further explored the use of AOP to remove ligands in metal 
complexes for subsequent metal analysis.  AOP treatment of catalytic palladium 
complexes was investigated in Part 4 of this dissertation.  Unlike the biomimetic 
Cr complex discussed in Part 3, the Pd complexes are insoluble in water.  
Extensive effort was made to find methods to dissolve/disperse them in water-
containing solution for subsequent AOP treatment.  AOP was successfully used 
to remove organic ligands from palladium acetate Pd(OAc)2 and palladium 
acetylacetonate Pd(acac)2.  Subsequent Pd analysis gave good, consistent 
results.  Control samples that were not treated by AOP showed large errors in 
Pd(II) analysis. 
 
1.2.4.  Part Five 
New alternative approaches to the Fujiwara reaction for detection of 
chloroform and carbon tetrachloride are reported in Part 5.  The Fujiwara reaction 
is the only known reaction for detecting halocarbons spectrophotometrically in 
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the visible region, and it has been conducted with toxic, offensive-smelling 
pyridine and a strong base such as NaOH.  New alternative approaches to 
conducting the Fujiwara reactions have been developed using solid pyridine 
derivatives and new bases for the detection of chloroform and carbon 
tetrachloride.  The reactions of these halocarbons with 2,2′-dipyridyl (or 4,4′-
dipyridyl) and tetra-n-butylammonium hydroxide (n-Bu4NOH) or potassium tert-
butoxide (KO-t-Bu) were found to yield colored species with detection limits of 
0.17 mg/L for chloroform and 0.50 mg/L for CCl4.  The use of potassium tert-
butoxide as the base in the Fujiwara reactions allows for the detection of the 
halocarbons in systems sensitive to water.  The results here have been 
published.4 
 
1.2.5.  Part Six 
 Attempts to develop controlled-release polymers for delivery of reagents 
for modified Fujiwara reactions are reported in Part 6.  As discussed in Part 5, 
the reaction of the analyte species and the reagents used in the modified 
Fujiwara reactions is irreversible.  For continuous monitoring of halocarbons 
using the modified Fujiwara reaction, the reagents including 2,2′- or 4,4′-dipyridyl 
and tetra-n-butylammonium hydroxide need to be replenished for each sample 
analysis.  A method to incorporate these reagents into poly(vinyl alcohol) (PVA) 
monoliths is reported.  Controlled-release studies of the reagents from the PVA 
monolith were conducted and those results are reported as well.  The release of 
reagent from the PVA monoliths was found to proceed in a controlled manner, 
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yielding consistent results among different reagent-loaded PVA monoliths.  
Although the new controlled-release process worked well, the presence of a 
large amount of water in the system was found to be detrimental to the Fujiwara 
reaction. 
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Part 2 
An Optical Metal Ion Sensor Based on Diffusion Followed by an 
Immobilizing Reaction.  Quantitative Analysis by a Mesoporous 
Monolith Containing Functional Groups 
 8 
2.1.  Introduction 
Optical sensors for metal ions are of intense current interest.1  Metal-
ligand complexes are a major class of chemical compounds and are the basis of 
many methods of metal analysis.  The overall equilibria of complex formation as 
shown in Equation 2.1 
 
M + nL MLn
                                            (Eq. 2.1) 
 
are usually shifted exclusively to the complexes, and their equilibrium/stability 
constants are thus exceedingly large, as shown in Equation 2.2 for a Cu2+-amine 
complex.2  As a result, ligands are normally quickly saturated, especially when 
thin test strips with a small amount of ligands are used.  It is thus difficult to make 
the quantitative analyses based on metal-ligand complexation except in cases 
when the amount of M is too small to saturate the ligands.  This has limited the 
approaches for quantitative metal ion sensing.1a  Wolfbeis and coworkers have 
recently developed a novel approach based on pattern recognition algorithms 
using signals of unselective metal sensor probes.3  Metal-complexing reagent 
Eriochrome Cyanine R (ECR) encapsulated in sol-gel silica has been used as a 
Cu(II) sensor in which slopes of absorbance A vs. t1/2 plots were plotted vs. log 
CCu(II) to give a correlation with the Cu2+ concentration.4  Another empirical 
approach using the early slopes of nonlinear A vs. t plots to obtain Mn+ 
concentrations has been reported.1i-j 
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Cu2+   +  4 NH2Et Cu(NH2Et)42+ K = 3.2 x 1010
                           (Eq. 2.2) 
 
Porous polymeric and inorganic solids containing functional 
groups/molecules have been widely studied in recent years5,6 as new materials 
for, e.g., sensors.5  In particular, sol-gel reactions to yield the inorganic solids at 
relatively low temperatures allow encapsulation or grafting of organic functional 
groups/molecules into porous inorganic solids.  The encapsulated or grafted 
functional groups/molecules that retain their chemical, biological and physical 
properties in the hybrid solids are attractive, as they combine mechanical and 
thermal stabilities of inorganic backbones with specific chemical reactivities of the 
functional groups/molecules.  In addition, these hybrid sol-gel materials are 
transparent well into the UV region, and thus allow for their application in 
spectroscopic characterizations.  Many such inorganic-organic hybrid materials 
have been developed as, e.g., novel chemical and biological sensors.5,6 
We have reasoned that novel sensors for quantitative metal ion analysis 
may be developed based on two fundamental processes that metal ions in a 
solution undergo when exposed to a porous monolith grafted with ligands 
selective for the metal ions: (a) diffusion of metal ions to the binding sites – The 
higher the concentration of the metal ions (C0), the faster the metal ions reach 
the ligands inside the monolith; (b) metal-ligand (MLn) complexation.  Although it 
is difficult to use either alone for quantitative analysis of the metal ions,7 a model 
unifying both processes might provide a unique approach to determine the 
concentration of the metal ions C0.  Our work to develop this novel mathematical 
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model is reported here.  The use of the model in a mesoporous sol-gel monolith 
containing grafted amine ligands for quantitative Cu2+ sensing is demonstrated 
as a part of our studies to develop new optical sensors.8 
 
2.2.  Experimental 
 
2.2.1.  Reagents 
The chemicals used in this study, including H2N(CH2)3Si(OMe)3 (3-
aminopropyltrimethoxysilane, Aldrich), Si(OMe)4 (TMOS, Aldrich, 99%), methanol 
(MeOH) (Aldrich, HPLC grade), ethylene glycol (Fisher, certified) were used as 
received.  Deionized water was used in the preparation of sol-gel monoliths and 
aqueous CuCl2 solutions. 
 
2.2.2.  Instrumentation 
Brunauer-Emmett-Teller (BET) measurements were performed on a Nova 
1000 High Speed Surface Area and Pore Size Analyzer by Quantachrome Corp 
using N2 gas adsorption.  A blank monolith was ground into a powder and dried 
at 100 °C for at least 24 hours before BET measurements.  The adsorption 
portion of the N2 adsorption/desorption isotherms was used to calculate the pore 
size distribution of the monolith. 
Blank and amine-grafted monoliths were each dried at 100 °C and ground 
to powders before their diffuse reflectance infrared Fourier transform (DRIFT) 
spectra were taken on a Bio-Rad FTS 60A FT-IR spectrometer.  Spectra in the 
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range of 400-4000 cm−1 were collected using 256 scans.  The difference 
spectrum between that of the sample and a control blank was used in the 
studies. 
29Si magic-angle-spinning (MAS) solid-state NMR experiments were 
performed on a Varian-Inova 400 MHz spectrometer operating at the frequency 
of 79.43 MHz.  The samples of blank and amine-grafted gels were ground into 
powders, and the NMR spectra were recorded with a 5.5 KHz spin rate and 
1800-5300 scans.  29Si chemical shifts were externally referenced to 
tetramethylsilane.  All spectra were collected under ambient conditions. 
Visible spectrometry was performed on an Ocean Optics S2000 miniature 
fiber optic spectrophotometer equipped with a tungsten halogen source lamp.  
The spectrometer was interfaced to a PC for data collection using Ocean Optics 
OOIBase32 operating software.  A flow cell was designed to support two fiber 
optic cables and to hold the sol-gel monolith in CuCl2 solution that was pumped 
into the cell at ca. 13.8 mL min−1. 
 
2.2.3.  Sol-gel Monolith Synthesis 
Sol-gel monoliths were prepared from Si(OMe)4, MeOH, ethylene glycol 
(porogen), and 50 mM NaOH aqueous solution (catalyst) in a small glass vial.9  
The monolith that developed was covered with a layer of MeOH before allowing 
to stand overnight.  The MeOH solution was decanted and replaced stepwise 
with 75% MeOH, 50% MeOH, 25% MeOH, and finally pure water.9  The water 
above the gel was changed several times before use to give the blank monolith.  
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It is assumed that ethylene glycol (porogen), MeOH and catalyst NaOH had thus 
been removed from the monolith during this process. 
The monolith (thickness: 0.387 cm; diameter: 1.095 cm; volume: 3.64 × 
10−4 dm3) was then immersed in a blue solution of Cu[H2N-(CH2)3-Si(OMe)3]42+ in 
MeOH (amine ligand: 0.1112 M; [Cu2+]: 0.02575 M; volume: 1.660 mL) until the 
supernatant solution was colorless (ca. 12 hours).  A subsequent visible 
spectrum of the supernatant solution showed no absorption of Cu[H2N-(CH2)3-
Si(OMe)3]42+ at 730 nm.  This observation suggested that the Cu(II) complex had 
grafted onto the monolith.  The amount of the ligands grafted on the monolith is 
thus 1.84 × 10−4 mol, and the concentration of the ligands in the monolith of 3.64 
× 10−4 dm3 is 0.507 M.11  Assuming that 4 equiv of the ligand reacts with 1 equiv 
of Cu2+ to give Cu[H2N-(CH2)3-Si(O−)3]42+ grafted in the solid, L0 = 0.507/4 = 
0.127 M in the current case. 
The blue, transparent monolith was found to have a band at 730 nm in the 
visible spectrum with molar extinction coefficient εp = 32.2 M−1 cm−1.  Aqueous 
EDTA solution was then used to remove the imprinted Cu2+ ions from the 
monolith to yield an amine-grafted, Cu2+-free monolith, as EDTA has a higher 
binding affinity for Cu2+ ions than the amine ligands in the monolith.10  After 
washing the monolith with water, the monolith was found to uptake Cu2+ ions 
from aqueous solution.  The new complex was found to have a band at 730 nm, 
suggesting that the original imprinted Cu2+/4NH2-(CH2)4-Si(O−)3 complex was 
likely formed.  The ligands are chemically grafted on silica.  Loss of silica (and 
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thus ligands) from the monolith may occur during the EDTA wash.  Such a loss 
was not observed, and is expected to be small. 
 
2.2.4.  Measurements of Visible Spectra 
A blank, amine-free monolith was placed into the compartment of a flow 
cell.8  A CuCl2 solution was then pumped through the system at a flow rate of 
13.8 mL min−1.  After 2 min, a reference spectrum was recorded.  An amine-
grafted monolith was then placed into the cell.  Upon initiation of the flow of the 
CuCl2 solution, a complete spectrum over the range of 400-850 nm was recorded 
every 10 s for 15 min to give the Ap (730 nm) vs. t1/2 plots.  For each Cu2+ 
concentration, at least three monoliths from the same batch were used to 
conduct the test, and the average slopes (K) of their Ap vs. t1/2 plots are 
discussed later. 
 
2.3.  Results and Discussion 
Rate of access to the binding sites in the inorganic-organic hybrid solids 
and kinetics of the uptake of external reagents by silica gels have attracted much 
recent interest,12-13 as these are often critical to fast sensor response and rapid 
separation.  Walcarius and coworkers have studied the diffusion of H+ and metal 
ions inside spherical amorphous silica.12 
One key feature of the hybrid solids is that, in many cases, the diffusing 
external reagents react with, and are immobilized by the functional 
groups/molecules inside the solids.  In other words, the diffusing external 
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reagents are prevented from further diffusion.14  In many such cases, a limited 
number of functional groups/molecules in the solids react with a large excess or 
a constant supply of external reagents in, e.g., online or miniature sensing.  In 
other words, there is an “unlimited” supply of external reagents.  Earlier studies of 
chemical diffusion followed by immobilization usually either involved a limited 
supply of external reagents14c or led to mathematical models in the form of infinite 
series solutions that require numerical solutions.14b  Although numerical methods 
are now widely used with modern computers and software, mathematical models 
using analytical methods are known to reveal physics and chemistry behind 
observed data and phenomena, and are needed for benchmarking and validating 
numerical solutions and methods.15  A new model is desired for diffusion of an 
unlimited supply of external reagents and their subsequent immobilization in the 
sensor solid.  The model developed below addresses this need, and, as 
demonstrated in the quantitative Cu(II) analysis discussed below, the model is 
straightforward to use. 
 
2.3.1.  Mathematical Model 
In the following work to derive the model, metal ions and ligands grafted in 
a silica monolith are used to represent the external reagent and 
grafted/encapsulated functional groups/molecules, respectively.  This model was 
developed for a plane sheet occupying the region 0  x  2 with symmetry about 
x = .  The diffusion of the metal ions with concentration C0 is linear, that is, one 
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dimensional in the direction perpendicular to the vertical sides of the plane of the 
sheet, and there is no diffusion across the central plane of the sheet as shown in 
Figure 2.1.  The boundary conditions may be written as: 
 
C = C0,              x = 0,           t 0                               (Eq. 2.3) 
 C/x = 0      x = ,    t 0                               (Eq. 2.4) 
 
It is more convenient to consider only a half of the sheet, 0  x  , instead of 
using the conditions C = C0, x = 2. 
The (immobilization) reaction between the metal ions and ligands is 
usually fast, and, after the reaction, metal ions in the complex are prevented from 
taking further part in the diffusion process.  In other words, metal ions of the 
diffusion front are used to bind to the ligands.  Only after the latter are saturated 
will the newly arrived metal ions diffuse forward into the next region.14a,e  If the 
metal ion front has just reached x = u(t) (Figure 2.1) at time t, the ligands in the 
region behind [0  x  u(t)] are all saturated.  In other words, diffusing metal ions 
reaching the point x will all diffuse further into the monolith.  These assumptions 
are essentially the same as those with moving boundaries.14a,e  We thus have the 
following conditions: 
 
C = C0, x = 0,                                               (Eq. 2.5) 
C = 0,  x = u(t)                                            (Eq. 2.6) 
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Figure 2.1.  Schematic depicting the progression of the diffusion front within a 
sol-gel monolith. 
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The diffusion inside the region 0  x  u(t), which is free of the 
immobilizing reaction, has reached the steady state, and there is a linear 
decrease of the concentration of the metal ions (Equation 2.7) in this region: 
 
C (x) = C0 xu (t)1 - or
dC (x)
dx u (t)=
C0
-
              (Eq. 2.7) 
 
where C(x) is the concentration of the diffusing metal ions at x.  Equation 2.7 may 
also be derived from Laplace’s equation: 
 
022
2
    xC    
xd
xCd
=∇= )()(                                      (Eq. 2.8) 
 
Equations 2.7 and 2.8 are similar to the steady-state heat equation,16 and 
has also been used in chemical diffusion processes.14c  From Equation 2.7, the 
concentration gradient of the diffusing metal ions at u(t) is:  
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The flux of the diffusing metal ions (J) through a unit area at u(t) is: 
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C
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0
                           (Eq. 2.10) 
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where N is the number of moles of the metal ions diffusing per unit area through 
the plane at u(t). 
Let L0 equal the concentration (M = mol L−1 = mol dm−3; i.e., moles per unit 
area on the plane and per unit length along the direction of the diffusion x) of the 
ligands inside the solid.  When the diffusion front reaches u + δu, the ligands in 
the region δu will immobilize the metal ions in the time period of δt.  In other 
words, the ligands in this region are saturated within the time δt.  Thus the moles 
of the ligands in this region L0δu equals the moles of metal ions diffused into this 
region during the time δt to give Equation 2.11. 
 
  udu dt  L
DC
          t        
u
C
  Dt  dt
dN
  u  L =or==
0
00
0           (Eq. 2.11) 
 
with the following conditions: 
 
t = 0,   u = 0                                         (Eq. 2.12) 
 
Integration of Equation 2.11 using the conditions in Equation 2.12 yields: 
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 19 
Clearly, Equation 2.13 is valid before the front of the diffusion reaches the 
central plane of the sheet at x = .  During this stage of the diffusion, there are 
still free ligands in the porous solid that have not reacted with the diffusing metal 
ions.  Since, at time t, the ligands in the region 0  x  u(t) have been saturated 
(Figure 2.1), the moles of the product (Np) between the ligands and the diffusing 
metal ions for a half of the plane sheet is:  
 
21
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Equations 2.13 and 2.14 indicate that the distance u(t), which the front of 
the diffusing metal ions has traveled through diffusion, as well as the moles of the 
product (Np) formed in the solid are each a linear function of square roots of both 
the time t and the concentration C0 of the metal ions in the external solution.  
These relationships are used in the design of optical sensors to be discussed 
below. 
 
2.3.2.  Spectroscopic Characterization of the Diffusion Process 
If the product between the ligands and the diffusing metal ions in the 
region 0  x  u(t) could be observed spectroscopically, and the spectrum follows 
Beer’s law, we have, for both halves of the plane sheet,11 
 
2121
00p0pp 222 //  Kt DtCL  tuL  A =)(=)(=                      (Eq. 2.15) 
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00p22 /DCL K )(=  (s−1/2)                                 (Eq. 2.16) 
 
where is εp = molar extinction coefficient of the product; Ap = absorbance of the 
product. 
Equations 2.15 and 2.16 indicate that, if the absorbance of the product 
(Ap) is monitored with time of diffusion (t), the slopes (K) from the Ap vs. t1/2 plots 
with different concentrations of the metal ions (C0) in the external solution are a 
linear function of the square root of C0.  With higher concentrations of C0 in the 
external solution, faster diffusion of the metal ions into the solid is expected, 
leading to larger values for slopes K in the Ap vs. t1/2 plots.  The slope K should 
increase linearly with C01/2, as suggested by Equation 2.16.  In addition, if the 
concentration of the ligands (L0) in the solid and molar extinction coefficient of the 
product (εp) are known, the diffusion coefficient (D) may be obtained from the K 
vs. C01/2 plot (Equation 2.16).  If the diffusing metal ions absorb at the wavelength 
of observation, the use of a reference containing the diffusing metal ions would 
remove this absorbance as a source of error.17 
 
2.3.3.  Quantitative Cu(II) Analysis – A Demonstration of the New Model 
The mathematical model and organically modified mesoporous monoliths 
in the current work could be used as a new approach to chemical sensing.  
Copper(II) was chosen here due to its common occurrence in a variety of 
industrial applications.  Copper electroplating is employed in many industrial 
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processes, including the manufacture of next-generation microelectronic devices 
in the semiconductor industry.18  Copper plating onto silicon wafers in very low 
acid or neutral solutions was recently developed.18b  Copper(II) is also 
recognized by the U.S. Environmental Protection Agency (EPA) as a toxic 
pollutant and is RCRA (Resource Conservation and Recovery Act) regulated.18c  
Heavy metal ion sensors including those for Cu(II) have been actively studied.1  
As discussed below, the current work using the amine-grafted monoliths and the 
mathematical model provides a unique optical sensor for quantitative Cu(II) 
analysis. 
Porous, cylindrical silica sol-gel monoliths (thickness: 0.387 cm; diameter: 
1.095 cm; volume: 3.64 × 10−4 dm3; Figure 2.2)11 were used in the current 
studies.  These monoliths are not ideal plane sheets.   Their diameter is however 
significantly larger than their width, and the Cu2+ diffusion is monitored with 
optical fibers mounted at the monolith center.  Fewer Cu2+ ions that diffuse 
radially reach the center (of the monoliths) than those diffusing from the two 
faces.  If, as the first approximation, the radial contribution is ignored, the Cu2+ 
diffusion to these monoliths grafted with amine ligands may be treated by the 
model developed in the current work.  In other words, an approximation was 
made when using this model for the amine-grafted monoliths in the current work. 
The sensor monoliths were prepared by a procedure shown in Figure 2.3.9  
Blank monoliths were first synthesized through the hydrolysis of Si(OMe)4 in the 
presence of a porogen.  The monoliths were then washed with MeOH/H2O and 
then H2O to remove the porogen and catalyst NaOH.  Amine H2N-(CH2)3-Si(O−)3  
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Figure 2.2.  Schematic depicting the dimensions of the monolith and the fiber-
optic cables as used during UV-vis spectroscopic analysis of the diffusion 
process. 
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Figure 2.3.  Preparation of the blank and amine-grafted sol-gel monolith. 
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was imprint-grafted19 by immersing the monoliths in solutions of Cu[H2N-(CH2)3-
Si(OMe)3]42+ complex, and the latter diffused into and grafted onto the monoliths.  
After the grafting, the monoliths turned blue, and visible spectra of the monoliths 
showed a band at 730 nm. 
BET gas adsorption experiments indicate that these monoliths are 
mesoporous with an average pore diameter of ca. 47 Å.  A plot of pore volume as 
a function of pore diameter (Figure 2.4) indicates that the monoliths have a pore 
size distribution that is consistent throughout the bulk of the material.  The peak 
of this plot near 47 Å represents the size of pores that contribute most to the pore 
volume.  Figure 2.5 shows the N2 adsorption isotherm plot with a Z-shaped 
hysteresis loop.  This hysteresis loop is common in mesoporous materials 
including inorganic oxides and glasses.20  The specific surface area is 232 m2/g, 
and the total pore volume is 0.24 cc/g for all pores of the monolith less than 174 
Å. 
A diffuse reflectance infrared Fourier transform spectrum (DRIFT) of 
powders from such a monolith (Figure 2.6) shows the C-C and C-N stretching 
frequencies at 1200–800 cm−1 and 1200–1020 cm−1, respectively and C-H 
twisting and wagging frequencies at 1350–1150 cm−1, although they are not 
distinguishable from each other in the 1300–1150 cm−1 region.21a  These 
observations support the grafting of the amine H2N-(CH2)3-Si(O−)3 ligand onto 
our sol-gel monolith.  The Si-OH bands (isolated and bridged silanols at 3740 
and 3550-3670 cm−1, respectively) in the samples may overlap with the N-H  
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Figure 2.4.  BET pore size distribution plot for an amine-grafted sol-gel monolith.  
Average pore size is shown to be ~47 Å. 
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Figure 2.5.  N2 gas adsorption/desorption isotherm for the sol-gel monolith: 
adsorption (); desorption (). 
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Figure 2.6.  A difference DRIFT spectrum between the powders of an amine 
H2N-(CH2)3-Si(O−)3 grafted monolith and a blank sol-gel control. 
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stretching frequencies at 3800-2700 cm−1 (νas = 3358 and νs = 3279 cm−1 for a 
−NH2 group21b). 
29Si solid-state NMR spectroscopy has been used extensively to elucidate 
the molecular environment in silicate materials.22  29Si solid-state NMR spectra of 
the sol-gel solids show signals representative of various substructures of the Tn 
and Qn silane moities.  Spectra displaying Qn (n  4) peaks indicate that the 
condensation of the silicon alkoxide precursor is incomplete.22e  As the degree of 
condensation increases, the Tn and Qn peaks are shifted to higher field in the 
NMR spectrum.  Characteristic NMR signals of unmodified silica gel are 
silanediol groups (Q2), silanol groups (Q3), and siloxane groups (Q4), which 
appear at −92, −101, and −110 ppm, respectively.22a  Qn peaks, which are 
representative of the silica support, are the only peaks expected for the blank sol-
gel monolith in the current studies.  Tn peaks are representative of silicon atoms 
in the sol-gel matrix directly bonded to an organic species.  As n increases in the 
Tn species, the number of organic species bonded to a silicon atom decreases.  
Since the APS ligand has only one organic group attached directly to the silicon 
atom, only T3, Q2, Q3, and Q4 peaks are expected in the NMR spectrum of the 
APS-grafted monolith.  The 29Si NMR spectra of a blank and APS-grafted 
monolith are shown in Figure 2.7.  As expected, the blank shows only Q2, Q3, 
and Q4 peaks in the NMR spectrum which are representative of a siloxane matrix 
with no organic groups directly bound to silicon.  The APS-grafted monolith 
shows only a T3 peak in addition to the expected Q peaks, which indicates that 
the APS ligand is in fact, bound to the sol-gel monolith as proposed. 
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Figure 2.7.  29Si MAS solid-state NMR spectra of a blank (top) and APS imprint-
grafted sol-gel monolith (bottom). 
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The reactions between Cu2+ and amines to give their complexes are 
known to be fast.  For example, the rate constants of reactions of tetraamine 
H2N(CH2)2NH(CH2)2NH(CH2)2NH2 with Cu(OH)42− and Cu(OH)3− are 1.0(0.7) × 
107 and 4.3(0.2) × 106 M−1 s−1, respectively.23  A separate test of such a Cu[H2N-
(CH2)3-Si(O−)3]42+ grafted monolith showed a visible band at 730 nm for this 
complex in the silica gel with the molar extinction coefficient εp = 32.2 M−1 
cm−1.11,24  The amine was chosen in part because of the high affinities of alkyl 
amines for Cu2+ ions (Equation 2.2).2  After the grafting of the Cu2+ complex, Cu2+ 
ions were then removed by immersing the monoliths in solutions of 
ethylenediaminetetraacetate (EDTA). 
Such a monolith containing the amine ligands was then placed in the path 
of optical fibers connected to a UV-visible spectrometer.  The monolith and 
optical fibers were housed in a Teflon cell, and an aqueous CuCl2 solution (ca. 
300 mL) was pumped through the chamber at a rate of 13.8 mL/min.  Cu2+ ions 
diffused into the monolith and were immobilized by the amine ligands.  During the 
Cu2+ uptake process, a peak at 730 nm was observed for the Cu2+-amine 
complex.  This peak is at the same wavelength as that of the original, imprint-
grafted tetra-amine complex Cu[H2N-(CH2)3-Si(O−)3]42+, suggesting that the 
newly formed complex is a Cu2+ tetra-amine complex as well.  The Cu2+ uptake 
process was monitored spectroscopically at 730 nm, and the visible spectra of 
the monolith were recorded.  A blank monolith without the ligands was used as 
the reference, and was placed in the chamber.  The same aqueous CuCl2 
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solution (ca. 300 mL) was pumped through the chamber at a rate of 13.8 mL/min 
before the spectra were recorded as reference.  Although Cu2+ ions have an 
absorbance at 730 nm (εr = 9.55 M−1 cm−1), it is reasonable to assume that the 
use of the blank monolith as reference eliminates the absorbance of free Cu2+ 
ions inside the sample monolith as a source of error.17 
Absorbance (Ap) vs. t1/2 plots by Equation 2.15 for Cu2+ diffusion and 
immobilization in the amine-grafted monoliths are shown in Figure 2.8.  For Cu2+ 
concentrations (C0) between 0.0200 to 0.0800 M, these plots are linear with 
correlation coefficients R2 ≥ 0.998, as expected from Equation 2.15.  These 
observations support the new mathematical model in the current work.  It should 
be noted that the current model is limited to the cases with a constant Cu(II) 
concentration (C0) during the diffusion of Cu(II) ions into the monolith. 
The average slopes (Kav) of these Ap vs. t1/2 plots, from at least three 
measurements for each C0 concentration from the same batch of monoliths, as 
well as the values of 2εpC01/2 according to Equation 2.16 are given in Table 2.1.  
Small errors (< 2%) in the Kav values were observed for the measurements at 
each Cu2+ concentration, indicating that these measurements are highly 
reproducible for each batch of monoliths. 
The K vs. 2εpC01/2 plot is given in Figure 2.9.  A linear fit of the data points 
gives a correlation coefficient, R2 = 0.988, suggesting a linear correlation.  The 
slope in Figure 2.9 and Equation 2.16 give (2L0D)1/2 = 1.56 × 10−3 s−1/2 M1/2 cm 
and DCu(II) = 9.6 × 10−6 cm2 s−1 as the diffusion coefficient for free Cu2+ ions inside  
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Figure 2.8.  Ap vs. t1/2 plots for Cu2+ diffusion and immobilization in the amine-
grafted monoliths. 
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Table 2.1.  Slopes (Kav) of the Ap vs. t1/2 plots. 
 
C0 (M) Kav (s−1/2) 2εpC01/2 (M−1/2 cm−1) 
0.0200 0.0103 ± 0.0002 9.1075 
0.0300 0.0143 ± 0.0001 11.1544 
0.0400 0.0176 ± 0.0002 12.8800 
0.0500 0.0195 ± 0.0002 14.4003 
0.0587 0.0217 ± 0.0002 15.6029 
0.0700 0.0228 ± 0.0003 17.0386 
0.0800 0.0248 ± 0.0002 18.2151 
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Figure 2.9.  Plot of Kav vs. 2εpC01/2 according to Equation 2.16. 
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the mesoporous, amine-grafted monoliths.  It should be pointed out that the Cl− 
anions diffuse along with Cu2+ cations in the current process to balance the 
charge.  It is interesting to compare the diffusion coefficient obtained here with a 
reported coefficient for Cu2+ diffusion inside silica gels that did not contain 
ligands.25  Eversole and Doughty have measured by a photometric method the 
diffusion of Cu2+ ions in such silica gels, and estimated the diffusion coefficient to 
be DCu(II) ≈ 4.6 × 10−6 cm2 s−1.25  The two DCu(II) values are comparable, 
supporting the validity of the new model in the current work.  In our current 
model, the immobilization of Cu2+ ions by the grafted amine in the monoliths is 
accounted for to give the DCu(II) value for free Cu2+ ions.  The relatively large pore 
sizes of 47 Å perhaps make the diffusion of small Cu2+ ions relatively unhindered 
in the mesoporous solids. 
The monoliths in the current work were prepared in batches, each 
containing at least 30 individual monoliths.  The errors in K in Table 2.1 show that 
the monoliths in the same batch gave highly reproducible results.  In addition, 
reproducibility among different batches was tested.  Monoliths from six different 
batches were tested in 0.0500 M CuCl2 solutions to give uncertainties of δK/K = 
0-3.9%.  Thus a few monoliths may be used to establish, e.g., the Kav vs. 2εpC01/2 
calibration plot (Figure 2.9), and other monoliths could then be used as sensors 
for unknown Cu2+ solutions to determine their concentrations.  With a good 
quality control in the monolith preparation, an even higher reproducibility among 
different batches may be achieved. 
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2.3.4.  Comparison of the Current Model With Earlier Models for Chemical 
Diffusion 
There have been many excellent models describing different chemical 
diffusion processes.  It is thus important to note the uniqueness of the current 
model. 
As in other diffusion processes involving moving boundaries that Crank 
has summarized in his classic book on the mathematics of diffusion,14c the 
current model is based on the assumption of the presence of two regions (Figure 
2.1) separated by the moving boundary.  In the region behind the boundary, all 
sites of ligands in the solid are occupied and immobilization is complete.  In the 
region before the boundary, the concentration of the freely diffusing metal ions is 
zero, and none of the sites are occupied.  This model thus applies to cases 
where the binding constants between the ligands and the metal ions are large.  
Many complexes between ligands and metal ions have large stability constants10 
including thiol (−SH) with Hg2+,26 crown ethers with alkali metals,10 and the 
current Cu2+-amine complex.2  
The current model is thus for processes different from diffusion followed 
by a chemical reaction with the external reagents14e or sorption of dye molecules 
for example in microporous materials such as silica beads and zeolites.27  In 
diffusion followed by a chemical reaction, it is assumed that some unoccupied 
sites are always available,14e and the processes may depend on the kinetics of 
the reactions as well.  Crank has summarized the earlier work in this area.14e  
The sorption is a non-steady state process, and relies on the Langmuir isotherm 
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with the equilibrium for the immobilization.27 
In the current model the immobilized external reagents such as Cu2+-
amine complexes do not undergo additional reactions.  This is different from 
those that involve the consumption of the external reagents by the reactive sites 
such as diffusion of O2 to biological tissues28 and diffusion of 
reactants/substrates to chemical or enzymatic catalytic sites inside the solid 
support followed by their reactions.  However the current model applies to cases 
where the products between external reagents and the functional 
groups/molecules inside the solid undergo reactions such as quenching or 
activation of photoluminescence, and the functional groups/molecules are 
subsequently not available for binding. 
Crank has developed a model for steady state diffusion followed by 
immobilization for processes with limited supplies of the external reagents.14c  In 
those cases, the surface concentrations of the external reagents in Figure 2.1 are 
a function of time.  He also developed another model for unlimited supplies of the 
external reagents and non-steady state diffusion.14b  In this case, the model is in 
the form of infinite series solutions, and requires numerical and/or graphical 
solutions.14b  In comparison, the current model is designed for the steady state 
diffusion processes and is in the form of analytical solutions. 
 
2.4.  Concluding Remarks 
In summary, the current model for chemical sensors combine both 
diffusion and a subsequent immobilizing reaction, the two fundamental processes 
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that metal ions often undergo in a monolith grafted with ligands, to provide a 
unique approach for quantitative metal ion analysis.  The model (Equations 2.15 
and 2.16) is straightforward and may be used for sensors of other analytes that 
undergo both diffusion and immobilizing reactions with functional 
groups/molecules grafted/encapsulated in porous monoliths. 
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Part 3 
Conversion of Chromium(III) Propionate to Chromate(VI) by the 
Advanced Oxidation Process and the Photo Fenton Process.  
Pre-Treatment of a Biomimetic Complex for Chromium Analysis 
 46 
3.1.  Introduction 
Over forty years ago Mertz and coworkers discovered that chromium is an 
essential trace element for mammals,1 a conclusion that has been supported by 
recent studies.2  Two biologically occurring chromium-containing biomolecules 
have been described by Vincent and coworkers:3  (1) iron transport protein 
transferrin which doubles as a Cr(III) transport agent; and (2) oligopeptide 
chromodulin (also known as the low-molecular-weight chromium-binding 
substance, LMWCr).  Biological sample matrixes containing the chromium(III) 
species are usually complex, containing proteins, amino acids and various other 
organic species.4a-h 
Chromium(III) has been used as a low-cost dietary supplement for the 
treatment of diabetes and its complications.5  Chromium supplements as an 
adjuvant therapy hold the prospect of helping achieve euglycemia, or a normal 
level of glucose in the blood.  Chromium levels in biological systems therefore 
need to be monitored periodically.  Detection of chromium in biological fluids has 
been conducted by standard methods such as graphite furnace atomic 
absorption spectroscopy.6  The organic ligands in chromium species as well as 
other organic species contained in biological samples often interfere with the 
chromium detection and quantification.  There is currently a need to develop new 
reliable methods for the analysis of chromium in biological fluids to assess 
chromium deficiency and the effect of chromium as adjuvant therapy for type 2 
diabetes.3a,4 
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Metal complexes are a class of compounds composed of metals and 
ligands.  In many cases, the ligands are organic compounds or ions.  Standard 
analyses of metals by instruments such as ion selective electrodes (ISEs) are, 
however, for metal ions free of ligands (other than water or oxo).  For the 
detection and quantification of metals in complexes by methods other than high-
temperature processes such as inductively coupled plasma (ICP)4e,4g and 
graphite furnace atomic absorption spectroscopy,4a,4b,4h the organic ligands 
usually need to be decomposed or removed to free the metals prior to the 
qualitative and quantitative analysis of the metals. 
Wet ashing using strong acids and dry ashing in a high-temperature, O2-
rich environment have been used to remove organic interferents prior to the 
analysis of Cr and other trace metals contained in biological matrixes.7  Errors 
associated with both ashing procedures have been shown to be minimal in most 
cases.  The hazards associated with the use of strong acids in the wet ashing 
procedure make it less desirable for routine analysis of samples.  While dry 
ashing has also been shown to be effective for the oxidation of biological matrix 
components, the time requirements for complete oxidation of organic materials 
by this procedure is often several hours, thus making it a less desirable method.  
Although these methods have been proven effective for oxidation of metals as 
well as organic matrix components, safer, environmentally benign, and cost-
effective methods are desirable. 
We have explored the removal of organic ligands and oxidation of Cr(III) in 
chromium(III) propionate (Figure 3.1), a biomimetic chromium compound, to 
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Figure 3.1.  Oxohexakis(propionato)triaquotrichromium nitrate or chromium(III) 
propionate, a biomimetic compound used in the current studies. 
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chromate/dichromate (CrO42− or Cr2O72−) by the Advanced Oxidation Process 
(AOP).  AOP is a process that uses •OH radicals generated from, e.g., H2O2 and 
UV, as oxidant.  It has been widely used in the decomposition of organic 
compounds.8-10  During AOP, organic ligands are converted to CO2 and 
removed, thus eliminating the potential interference from organic ligands.  In 
addition to the removal of ligands in the current case, AOP converts Cr(III) in 
chromium propionate to Cr(VI).  Established procedures for chromate/dichromate 
analysis may then be used to determine the total amount of Cr present.  To our 
knowledge, this is the first AOP study for the removal of ligands in a complex and 
conversion of metals to their high oxidation states. 
The studies here may lead to the development of a two-stage analyzer for 
the detection and quantification of total chromium in biological fluid samples.  In 
the first stage, the sample is treated by AOP to remove all organic interferents 
and oxidize all chromium species to Cr(VI) or chromate/dichromate.  The second 
stage of the analyzer consists of a detector that is selective for Cr(VI). 
This dissertation part focuses on the use of AOP including the photo 
Fenton process in the treatment of chromium(III) propionate, a water soluble 
biomimetic for chromium in oligopeptide chromodulin,5a,11 and the formation of 
chromate/dichromate [Cr(VI)] for subsequent electrochemical detection.  Several 
experimental parameters in the oxidation processes have been investigated 
including H2O2 concentration, sample pH, catalyst addition, UV irradiation length, 
reactor size, and lamp wattage.  A summary of our studies is presented here. 
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3.2.  Experimental 
 
3.2.1.  Reagents 
The chemicals used in this study, including H2O2 (Fisher, 30%; Kroger 
brand, 3%); 1,5-diphenylcarbazide (Aldrich, ACS reagent); ferric sulfate 
(Mallinckrodt, analytical reagent); and chromium(VI) atomic absorption (AA) 
standard (Aldrich, 1017 ppm Cr), were used as received.  The biomimetic 
chromium complex, oxohexakis(propionato)triaquotrichromium nitrate [or 
chromium(III) propionate] was prepared by a literature procedure.12a-b  Deionized 
water (18 M) was used in the preparation of all solutions and standards. 
 
3.2.2.  Analytical Instrumentation 
All UV-visible spectra were collected using a Hewlett-Packard 8452 
photodiode array UV-visible spectrophotometer or an Ocean Optics S-2000 
spectrometer and a standard 1.0 cm quartz cuvette.  Blank spectra of solutions 
containing all matrix components other than the analyte were recorded and 
subtracted from all subsequent spectra.   
AA analyses were performed using a Perkin-Elmer 5100 atomic 
absorption spectrophotometer using an air/acetylene flame under standard 
conditions13 unless otherwise noted. 
 
 
 51 
3.2.3.  Photochemical Reactors and UV Lamps 
Three different photochemical reactor designs were used in the current 
studies.  These photoreactors consist of an outer vessel containing the sample, 
into which a quartz immersion well/water jacket housing the UV lamp is 
immersed (Figure 3.2).  Three different reactors with volumes of 500 mL, 100 
mL, or 15 mL, respectively, were used in the current studies.  These reactors 
were designed and built in house, except for quartz immersion wells, which were 
purchased from Ace Glass.  UV lamps used in the current studies were either a 
450-W quartz medium-pressure mercury-vapor immersion lamp with a 5-in. arc 
length (Ace Glass 7825-34), or a 5.5-W quartz low-pressure cold cathode 
mercury gaseous discharge lamp (Ace Glass 12132-08). 
 
3.2.4.  Procedures for Chromium(III) Propionate Sample Preparation and 
Treatment 
 
3.2.4.1.  A Cr(III) Propionate Sample Used for Preliminary AOP Testing 
 An aqueous Cr(III) propionate sample was made by dissolving 0.1352 g of 
Cr(III) propionate crystals (21.5% Cr by mass) in 300 mL of deionized water in 
the photoreactor.  A Teflon-coated magnetic stir bar was then inserted into the 
500-mL photoreactor.  H2O2 (30%, 5.0 mL) was next added to the solution in the 
photoreactor.  After shielding of the photoreactor with aluminum foil, this sample 
was irradiated using the 450-W UV lamp for 3.5 hours.  At the conclusion of the  
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Figure 3.2.  Schematic of the photochemical reactor used in the current studies. 
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AOP treatment, 10 mL of the sample was removed for qualitative UV-vis 
analysis. 
 
3.2.4.2.  A Cr(III) Propionate Sample Used for a Control Study 
 An aqueous Cr(III) propionate sample was prepared by adding 0.1144 g of 
a 1679.8 ppm Cr(III) stock solution [from Cr(III) propionate crystals] to deionized 
water (10.0 mL) in a 15-mL photoreactor containing a Teflon-coated magnetic stir 
bar.  Fe2(SO4)3 (1.0 mg) was then added to the photoreactor.  Next, NaOH (1.05 
M, 16 µL) was added to the sample, bringing the pH of the solution to 9.1.  There 
is no H2O2 in this sample, and the sample was not exposed to UV radiation.  
After 3 hours, this control sample was quantitatively transferred and diluted to 25 
mL in a volumetric flask.  It was later analyzed for total Cr content by AA and for 
Cr(VI) by the 1,5-diphenylcarbazide method.14 
 
3.2.4.3.  Studies of the Length of UV Irradiation in the AOP Treatment 
 Aqueous Cr(III) propionate samples were prepared by adding 100 µL of a 
147.9 ppm Cr(III) stock solution [from Cr(III) propionate crystals] to 10.0 mL of 
deionized water in a 15 mL-photoreactor containing a Teflon-coated magnetic stir 
bar.  NaOH (0.110 M, 15 µL) was then added to each sample, bringing its pH to 
9.9.  One minute before the UV irradiation process started, H2O2 (30%, 170 µL) 
was added to each sample.  After shielding the photoreactor with aluminum foil, 
each sample was UV-irradiated in the 15-mL photoreactor using a 5.5-W UV 
lamp for varied lengths of time between 0 and 60 min.  At the conclusion of the 
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AOP treatment, each sample was quantitatively transferred and diluted to 25 mL 
in a volumetric flask.  All samples were later analyzed for total Cr content by AA 
and for Cr(VI) by the 1,5-diphenylcarbazide method.14 
 
3.2.4.4.  Studies of the Length of UV Irradiation in the Photo Fenton 
Process 
 Aqueous Cr(III) propionate samples were prepared by adding 100 µL of a 
147.9 ppm Cr(III) stock solution [from Cr(III) propionate crystals] to deionized 
water (10.0 mL) in the 15 mL-photoreactor containing a Teflon-coated magnetic 
stir bar.  Fe2(SO4)3 (1.1 mg) was added to the sample as a catalyst for the photo 
Fenton process.  NaOH (1.05 M, 16 µL) was added to each sample, bringing its 
pH to 9.6.  One minute before the UV irradiation process started, H2O2 (3%, 100 
µL) was added to each sample.  After shielding the photoreactor with aluminum 
foil, each sample was UV-irradiated in the 15-mL photoreactor using a 5.5-W UV 
lamp for varied lengths of time (0-60 min).  At the conclusion of the photo Fenton 
process treatment, each sample was quantitatively transferred and diluted to 25 
mL in a volumetric flask.  All samples were later analyzed for total Cr content by 
AA and for Cr(VI) by the 1,5-diphenylcarbazide method.14 
 
3.2.4.5.  Studies of the Optimum H2O2 Concentration in the Photo Fenton 
Process 
 Aqueous Cr(III) propionate samples were made by adding 100 µL of a 
147.9 ppm Cr(III) stock solution [from Cr(III) propionate crystals] to deionized 
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water (10.0 mL) in the 15-mL photoreactor containing a Teflon-coated magnetic 
stir bar.  Fe2(SO4)3 (1.1 mg) was added as a catalyst for the photo Fenton 
process.  NaOH (1.05 M, 16 µL) was then added to each sample, bringing its pH 
to 9.6.  One minute before the UV irradiation process started, a measured 
volume of 3% H2O2 (varied from sample to sample) was added to each sample.  
After shielding the photoreactor by aluminum foil, each sample was UV-irradiated 
in the 15-mL photoreactor using a 5.5-W UV lamp for 30 min.  At the conclusion 
of each AOP treatment, each sample was quantitatively transferred and diluted to 
25 mL in a volumetric flask.  All samples were later analyzed for total Cr content 
by AA and for Cr(VI) by the 1,5-diphenylcarbazide method.14 
 
3.2.4.6.  Studies of the Optimum pH in the Advanced Oxidation Process 
 Aqueous Cr(III) propionate samples were prepared by adding 1.0 mL of a 
2230.6 ppm Cr(III) stock solution [from Cr(III) propionate crystals] to deionized 
water (100 mL) in the 100-mL photoreactor.  Sample pH values were adjusted 
from 0.23 to 9.97 by addition of H2SO4 or NaOH.  One minute before the UV 
irradiation process started, H2O2 (30%, 1.680 mL) was added to each sample.  A 
stir bar was not needed in these studies since the design of this photoreactor 
allows the sample to continuously reside directly in the UV path.  After shielding 
the photoreactor by aluminum foil, each sample was UV-irradiated in the 100-mL 
photoreactor using a 450-W UV lamp for 30 min.  At the conclusion of the AOP 
treatment, each sample was quantitatively transferred and diluted to 250 mL in a 
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volumetric flask.  All samples were later analyzed for total Cr content by AA and 
for Cr(VI) by the 1,5-diphenylcarbazide method.14 
 
3.2.5.  Analysis of Total Chromium Content and Cr(VI) Species 
Calibration standards were prepared gravimetrically using standard 
analytical techniques.  At the conclusion of the UV-irradiation step, samples were 
quantitatively transferred and diluted in volumetric flasks.  After dilution, samples 
were analyzed for total chromium content by AA and Cr(VI) content by UV-vis. 
A UV-vis analysis of Cr(VI) utilizing 1,5-diphenylcarbazide, a ligand 
selective for chromate/dichromate,14 was then used to measure total oxidized 
Cr(VI) content in each sample.  Upon addition of the ligand to a Cr(VI) solution, a 
colored complex is formed.  Cr(VI) content in the standards and samples was 
determined by monitoring the absorbance at 544 nm in the UV-vis spectrum. 
Total chromium content in each sample was analyzed by atomic 
absorption (AA) spectrometry using an air-acetylene flame.  Standard solutions 
were prepared by serial dilution of a 1017 ppm Cr(VI) AA standard solution and 
addition of sample matrix components such as Fe3+ or NaOH, depending on the 
contents of each sample.  The sample was then diluted to the proper volume.  
The standard curves were made by measuring the absorbance at 357.9 nm 
using a slit width of 0.70 nm with a lamp current of 15 mA13 during analysis of the 
standards and samples for total chromium. 
Cr(III) to Cr(VI) conversion was calculated by dividing the Cr(VI) 
concentration from the UV-vis analysis by the total Cr concentration from the AA 
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analysis.  Detailed procedures and errors in the determination of total Cr and 
Cr(VI) are given in Appendix B. 
 
3.3.  Results and Discussion 
 
3.3.1.  The Advanced Oxidation Process 
The Advanced Oxidation Process utilizes a combination of hydrogen 
peroxide (H2O2), a common household reagent, and ozone (O3) or ultraviolet 
(UV) radiation to generate strongly oxidizing hydroxyl radicals OH•.8a,b  When 
H2O2 is irradiated with UV light at wavelengths  < 300 nm, homolytic splitting of 
the oxygen-oxygen bonds occurs thus yielding hydroxyl radicals (Equation 3.1).   
 
H2O2
hν 2 OH
                                          (Eq. 3.1) 
 
The radicals react with organic molecules to yield water and carbon dioxide as 
the main reaction products.  In addition to producing hydroxyl radicals, the UV 
radiation either decomposes or activates organic complexes as well, since most 
organic compounds absorb in the UV region.  The UV irradiation thus makes the 
organic compounds more easily oxidized by the hydroxyl radicals. 
A complex set of reactions occur when O3 is added to H2O2, giving the 
hydroxyl radical and oxygen (Equation 3.2).  In addition, ozone itself and ozone-
activated hydrogen peroxide also trigger other reactions that result in the 
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decomposition of organic compounds.  Since water is relatively impermeable to 
UV, the use of H2O2/O3 is particularly desirable for the treatment of aqueous 
solution. 
 
H2O2 + 2 O3 2 OH + 3 O2
                              (Eq. 3.2) 
 
As shown in Table 3.1, the standard reduction potential of hydroxyl 
radicals (OH•) is much higher than that of ozone, hydrogen peroxide, or Cl2, 
three well known oxidants.  The reaction times of hydroxyl radicals with organic 
compounds are short, usually less than a millisecond.8b  In addition to the 
formation of hydroxyl radicals from the UV irradiation of H2O2 and addition of O3 
to H2O2, these reactions yield several other reactive species such as 
hydroperoxyl or peroxyl radicals.  These radicals also decompose organic 
compounds.  In other words, the activation of hydrogen peroxide by UV 
irradiation or ozone produces several radicals, all of which help decompose 
organic compounds. 
The photo Fenton process8a-b,10a-b is an adaptation of the Advanced 
Oxidation Process.  The photo Fenton process utilizes a catalytic amount of Fe2+ 
or Fe3+ in addition to H2O2 and UV radiation.  Iron species have been shown to 
act as a catalyst in these oxidation reactions, promoting the decomposition of 
H2O2 and formation of active hydroxyl radicals (Equations 3.3 and 3.4).  This 
process has been shown to improve the effectiveness of the oxidation of certain 
organic compounds compared to AOP alone.10a-b 
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Table 3.1.  Comparison of standard (reduction) potentials of OH•, O3, H2O2, and 
Cl2. 
Oxidizing Agent Chemical Formula Standard Potential (V) 
hydroxyl radical OH• 2.8 
ozone O3 2.07 
hydrogen peroxide H2O2 1.78 
chlorine Cl2 1.35 
 
 60 
Fe3+ + H2O + hν Fe2+ +  OH + H+
                              (Eq. 3.3) 
Fe2+ + H2O2 Fe3+ +  OH + OH-
                                (Eq. 3.4) 
 
The hydroxyl radicals generated in AOP have been shown to oxidize even 
relatively stable substances.8b  AOP has thus been widely used in the 
decomposition (and removal) of organic compounds that are difficult to degrade 
such as contaminants in drinking water and industrial wastewater.8  Substances 
that have been oxidized (and thus decomposed) include methyl t-butyl ether 
(MTBE),9a mecoprop,9b ethylene glycol,9c polyethylene glycol,9c sodium dodecyl 
sulfate,9c and explosives.9d  Ozone and hydrogen peroxide, as well as the UV 
irradiation process, when properly used, are safe and environmentally benign.  
The decomposition of ozone and hydrogen peroxide leads to the formation of 
oxygen and/or water.  Both UV radiation and ozone have long been used to 
sterilize fish tanks by killing harmful microscopic organisms such as bacteria and 
parasites.15   Although AOP has been used extensively for the oxidation of 
organic compounds, to our knowledge, AOP has not been used for the oxidation 
of metal species. 
There are many factors that contribute to the efficiency of the Advanced 
Oxidation Process.  Factors contributing most to the overall efficiency are choice 
of O3 or UV to activate H2O2, power of the UV source, length of UV irradiation, 
use of a catalyst during UV irradiation, H2O2 concentration, sample pH, and 
reactor design.  Each of these parameters has been investigated in the 
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conversion of chromium(III) propionate to chromate/dichromate, and the results 
are discussed below. 
 
3.3.2.  Comparison of AOP and the Photo Fenton Process 
Cr(III) propionate, [Cr3O(O2CCH2CH3)6(H2O)3]NO3 (Figure 3.1), has been 
shown to mimic the ability of chromodulin5a,11 to act as an insulin production 
trigger in vivo.  It was for its biomimetic properties that this Cr(III) complex was 
chosen for the current studies.  This complex was found to readily dissolve in 
aqueous solution.  Our other work in Part 4 of this dissertation shows that good 
solubility of the compound in aqueous solution is critical in the AOP treatment. 
We have found in the current studies that Cr(III) propionate readily 
undergoes oxidation by H2O2 under UV irradiation (Equation 3.5).  UV-vis spectra 
of a Cr(III) propionate solution were 
 
+  excess H2O2
hv +  CO2  +  H2OCrO42[Cr3O(O2CCH2CH3)6(H2O)3]NO3
+  H+  +  NO3
            (Eq. 3.5) 
 
collected before and after AOP treatment using the 450-W UV lamp and 500-mL 
photoreactor.  A comparison of the UV-vis spectra of the Cr(III) propionate 
solution after AOP to that of a potassium dichromate solution (Figure 3.3) shows 
qualitatively that the Cr(III) complex has been oxidized to Cr(VI).  In comparison, 
control experiments (Section 3.2.4.2) using solutions of Cr(III) propionate, H2O2 
and a catalytic amount of Fe2(SO4)3 as a catalyst without UV irradiation showed  
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Figure 3.3.  UV-vis spectra of a chromium(III) propionate solution before AOP () 
and after AOP () compared to the spectrum of a standard potassium 
dichromate solution ().  Sample was treated in the 500-mL photoreactor using 
the 450-W UV lamp and H2O2. 
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no conversion of Cr(III) propionate to chromate/dichromate.  The control studies 
indicate that hydroxyl radicals from AOP are critical to the Cr(III) → Cr(VI) 
conversion. 
Preliminary AOP experiments using ozone and H2O2 showed qualitative 
conversion of Cr(III) propionate to chromate in over 48 hours.  Ozone was not 
used in our subsequent AOP studies for the following reasons: (a) Ozone 
generation in a research laboratory usually requires an ozone generator (and a 
supply of O2), which gives an O3/O2 flow through a solution containing H2O2 for a 
limited amount of time; (b) The excess O3 in the O3/O2 flow was found to be 
corrosive to laboratory equipment containing plastics, and O3 itself in air is a 
health hazard. 
A set of experiments were also conducted to see if direct analysis of Cr(III) 
propionate by atomic absorption (AA), without prior AOP treatment, would give 
accurate Cr analysis.  These tests show the direct AA analysis of chromium in 
these Cr(III) propionate samples using an air acetylene flame gives an error of 
50.6%.  The studies here underscore the importance of AOP treatment of metal 
complexes to remove their ligands prior to metal analysis. 
A direct comparison of the Advanced Oxidation Process and the photo 
Fenton process for the oxidation of Cr(III) propionate samples is shown in Figure 
3.4.  The photo Fenton process was found to be more efficient than AOP for the 
oxidation of Cr(III) propionate solutions.  In other words, Fe3+ ions play the 
catalytic role in the AOP treatment of Cr(III) propionate.  After 60 min of UV 
irradiation by the 5.5-W quartz mercury lamp in the 15-mL photoreactor, samples 
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Figure 3.4.  A comparison of the Advanced Oxidation Process () and the photo 
Fenton process () for the oxidation of Cr(III) to Cr(VI) as a function of time.  
Samples were treated in the 15-mL photoreactor using the 5.5-W UV lamp and 
H2O2. 
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from the photo Fenton process showed (99 ± 3)% conversion of Cr(III) 
propionate to Cr(VI), whereas the control samples treated by regular AOP only 
showed approximately 50% conversion of Cr(III) propionate to Cr(VI).  The Fe3+ 
catalysts likely yield larger quantities of active •OH radicals in the photo Fenton 
process.  The majority of the current studies were thus conducted with the Fe3+ 
Fenton catalyst. 
 
3.3.3.  The Length of UV Irradiation and Advanced Oxidation Process 
The length of UV irradiation of AOP samples has been found to play a 
major role in the degree of oxidation of the samples in earlier studies.8b,9b-c,10a-b  
In the current studies, identical solutions of Cr(III) propionate were prepared, and 
their pH was adjusted to 9.9 by NaOH (Section 3.2.4.3).  After addition of H2O2, 
the 15-mL samples were UV-irradiated for varied lengths of time using the 5.5-W 
UV lamp.  Increasing the length of UV irradiation from 0 to 60 min was found to 
increase the conversion of Cr(III) in the sample to Cr(VI) ions.  After 60 min of UV 
irradiation, approximately 50% of the total Cr in the sample was in the Cr(VI) 
oxidation state (Figure 3.5). 
 
3.3.4.  The Length of UV Irradiation and the Photo Fenton Process 
Studies similar to those discussed in Part 3.3.3 were conducted, this time 
with the addition of a Fe3+ catalyst.  These studies also showed that the length of 
UV irradiation in the photo Fenton process samples play a major role in the  
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Figure 3.5.  Conversion of Cr(III) in chromium(III) propionate to Cr(VI) as 
chromate/dichromate by the Advanced Oxidation Process as a function of the 
length of UV irradiation.  Samples were treated in the 15-mL photoreactor using 
the 5.5-W UV lamp and H2O2. 
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amount of Cr(III) oxidized to Cr(VI).  With longer exposure to UV radiation, larger 
quantities of active •OH radicals are generated thus increasing the overall 
efficiency of the oxidation process.  To determine the optimum length of UV 
irradiation for the current photo Fenton process samples, experiments were 
conducted in which the length of UV irradiation (5.5-W UV lamp) of multiple 
identical Fe3+-containing, Cr(III) propionate samples (pH 9.9) was varied (Section 
3.2.4.4).  Experimental results (Figure 3.6) show that, with increasing lengths of 
UV irradiation from 0 to 60 min, the amount of Cr(III) oxidized to Cr(VI) also 
increased.  After 60 min of UV irradiation, (99 ± 3)% of the total chromium has 
been converted Cr(VI) chromate/dichromate. 
 
3.3.5.  Optimum H2O2 Concentration in the Photo Fenton Process 
One critical factor regarding Advanced Oxidation Processes and the photo 
Fenton process is the concentration of hydrogen peroxide during the UV 
irradiation of the sample.  Studies have been conducted to determine the 
optimum concentration of H2O2 for the oxidation of various organic compounds, 
and different optimum concentrations of H2O2 have been reported for the 
treatment of different chemicals.8,9  At high concentrations of H2O2, the AOP and 
photo Fenton process efficiency is reported to decrease in some instances.8b,10b  
The decrease in efficiency is suspected to arise from the recombination of two 
•OH radicals, thus effectively lowering the number of •OH radicals in solution as 
well as the efficiency of the overall oxidation process.  At low concentrations of  
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Figure 3.6.  Conversion of Cr(III) propionate to chromate/dichromate by the 
photo Fenton process as a function of the length of UV irradiation.  Samples 
were treated in the 15-mL photoreactor using the 5.5-W UV lamp and H2O2. 
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H2O2 there is not enough H2O2 to generate the adequate concentration of •OH 
radicals for the oxidation. 
Several experiments in the current studies were conducted to determine 
the optimum concentration of H2O2 during the photo Fenton process (Section 
3.2.4.5).  Cr(III) propionate samples at approximately pH 9.0 (by NaOH) were 
prepared containing a catalytic amount of Fe2(SO4)3.  The H2O2 concentration 
was varied from 0.09 g/L to 0.44 g/L.  Each sample was UV-irradiated in the 15-
mL photoreactor for 30 min using the 5.5-W UV lamp.  Our results show that the 
H2O2 concentration during the UV irradiation has a direct influence on the amount 
of Cr(III) oxidized to Cr(VI) in a given period of time (Figure 3.7).  Samples at the 
H2O2 concentration of 0.26 g/L were found to show the highest Cr(III) to Cr(VI) 
conversion and were thus considered to be the optimum concentration for use in 
the current system. 
 
3.3.6.  Optimum pH in the Advanced Oxidation Process 
In order to establish the optimum pH during AOP treatment of these 
samples, AOP experiments were carried out using a 100-mL photoreactor with a 
450-W UV lamp.  Samples containing a constant concentration of Cr(III) 
propionate and H2O2 were prepared and UV-irradiated for 30 min.  Sample pH 
was varied from 0.23 to 9.97 during AOP (Figure 3.8).  An increase of pH was 
found to enhance the conversion of Cr(III) propionate to chromate/dichromate.  
At higher pH, increased conversion rates were achieved.  At pH < 4, no Cr(VI) 
was detected in the AOP-treated samples.  As shown in Equation 3.6, the Cr(III)  
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Figure 3.7.  Conversion of chromium(III) propionate to chromate/dichromate as a 
function of H2O2 concentration during UV irradiation.  Samples were treated in 
the 15-mL photoreactor using the 5.5-W UV lamp. 
 71 
 
 
 
Sample pH
4 5 6 7 8 9 10
Cr
(V
I)/t
o
ta
l C
r 
(%
)
0
20
40
60
80
100
 
 
Figure 3.8.  Conversion of Cr(III) in chromium(III) propionate to Cr(VI) present as 
chromate/dichromate as a function of sample pH during UV irradiation.  Samples 
were treated in the 100-mL photoreactor using the 450-W UV lamp. 
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to Cr(VI) conversion yields acid, and OH– ions in solutions of higher pH remove 
the H+ ions generated from the Cr oxidation.  The pH in these solutions after 
AOP was measured to be between pH 7.0 and 8.0. 
 
2Cr3+ +H2O3H2O2 Cr2O72- 8H++ +
                    (Eq. 3.6) 
 
3.3.7.  Reactor Sizes and UV Lamps 
Various reactor designs and sizes have been used in the current AOP and 
photo Fenton process reactions.  One of the most important factors in the design 
of a reactor is the ability to adequately stir/mix the sample in the reactor.  
Thorough mixing of the sample is required to ensure that the contents are in the 
path of the UV radiation for the activation of H2O2.  Another important factor 
regarding reactor design is the pathlength of UV radiation through the sample.9c  
With longer pathlengths, the UV intensity is decreased towards the outer portion 
of the sample.  This is due to the fact that a large portion of the UV radiation is 
often absorbed by the inner portion of the sample.  It is for this reason that our 
second- and third-generation reactors were designed so that the length between 
the outer wall of the immersion well and the inner wall of the reactor was minimal. 
Large-scale photoreactors (100 and 500 mL, Figure 3.9) have the 
advantage of use with relatively large, higher wattage UV lamps and the ability to 
treat large samples.  However they also require large samples and intense UV 
irradiation from, e.g., a 450-W lamp.  The drawback with larger reactors is the 
large pathlength through which the UV radiation must travel to treat the sample.   
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Figure 3.9.  Images of the large-scale photochemical reactors used in the current 
studies.  The 100-mL (a) and 500-mL (b) photoreactors are shown.  
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As discussed earlier this leads to decreased efficiency towards the outer portions 
of the sample due to decreased UV intensity. 
The photoreactor in Figure 3.9b is capable of treating samples with 
volume up to 500 mL using a 450-W UV lamp.  This is the first-generation 
reactor, and the efficiency is decreased due to the fact that a large portion of the 
sample is often out of the direct path of the UV radiation.  The photoreactor in 
Figure 3.9a was designed for treating samples up to 100 mL using a 450-W UV 
lamp.  Although this reactor is only useful for smaller volumes, the efficiency is 
greatly increased due to the fact that the pathlength is shortened and the entire 
sample is contained directly in the path of continuous UV radiation. 
Small-scale photoreactors (Figure 3.10) have the advantage of a shorter 
UV pathlength through the sample, and better mixing of the sample, which both 
lead to increased efficiency of the oxidation process.  These smaller reactors 
also require smaller sample volumes.  The primary disadvantage of using a 
smaller reactor is that often, only small, low wattage UV lamps may be used. 
The small-scale photoreactor in Figure 3.10 is capable of treating samples 
up to 15 mL in volume using a 5.5-W UV lamp.  This photoreactor was designed 
so that the sample could be stirred to maximize the sample residence time in the 
UV radiation path.  Studies using this photoreactor in combination with the 5.5-W 
UV lamp gave very good yields for the oxidation of the Cr(III) complex.  This 
reactor was used in many of the current studies due to its efficiency. 
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Figure 3.10.  Image of the small-scale photochemical reactor used in the current 
studies. 
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3.4.  Concluding Remarks 
 The Advanced Oxidation Process and photo Fenton process have been 
proven as viable methods to oxidize a Cr(III) complex to Cr(VI) 
chromate/dichromate.  Experiments in which the photo Fenton process was 
applied to a Cr(III) biomimetic compound have shown that a large majority of the 
total chromium has been converted to Cr(VI).  This has been accomplished using 
a very low power UV lamp and a small-scale reactor.  The success of this 
process has thus eliminated the need for using harsh oxidation procedures for 
these samples. 
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Part 4 
Studies of the Oxidation of Palladium Complexes by the 
Advanced Oxidation Process.  Pretreatment of Model Catalysts 
for Precious Metal Analysis 
 80 
4.1.  Introduction 
 Over the past few decades, organometallic complexes have gained 
widespread use in catalysis.  In particular, precious metal complexes have been 
used extensively as catalysts in many synthetic organic reactions,1-4 including 
ethylene to vinyl acetate conversion,1a oxidation of alcohols,1b coupling 
reactions,1c,2a,3a hydrogenation,1e silylation reactions,2b and isomerization 
reactions.2c  Due to the success of these catalysts, they are becoming more 
commonly used in industrial-scale reactions. 
As a result of the use of homogeneous and heterogeneous precious metal 
catalysts, low concentrations of spent catalysts are often contained in waste 
solutions from industrial-scale reactions.  Before recycling the spent catalyst 
solutions to collect the spent precious metals, it is often necessary to determine 
the amount of precious metals in the solutions.  When concentrations of the 
precious metals are low, it may not be economically feasible to recycle the 
precious metals. 
Metal catalysts often contain organic ligands, and standard analyses of 
metals by ion selective electrodes (ISEs) and other electrochemical techniques 
are, however, for metal ions free of organic ligands.5  The organic ligands usually 
need to be decomposed or removed to free the metals prior to the qualitative and 
quantitative analysis of the metals.  High-temperature processes such as 
graphite furnace atomic absorption spectroscopy or inductively coupled plasma 
atomic emission or mass spectrometry may be used to directly analyze metal 
complexes containing organic ligands.6,7  These methods are usually costly and 
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not suitable as a metal probe.  In addition to organic ligands in precious metal 
catalysts, the presence of large amounts of organic species in spent catalyst 
solutions also makes quantitative analysis of precious metals a challenge. 
Studies have been conducted to remove organic species in spent catalyst 
solutions.  Johnson-Matthey has reported a method involving the use of 
supercritical water for oxidation of organic species.8  Other methods require the 
use of harsh acids to digest organic species.3e,9  Although these methods have 
proven effective for the oxidation of metals as well as organic species, more 
environmentally benign and cost effective methods are desirable. 
The Advanced Oxidation Process (AOP) has recently been investigated to 
convert organic compounds to CO2 and H2O.  This process utilizes a combination 
of hydrogen peroxide (H2O2) and ozone (O3) or ultraviolet (UV) radiation to 
generate highly potent hydroxyl radicals (•OH)10a that oxidize even relatively 
stable substances.10b  AOP has thus been widely used in the decomposition of 
organic compounds and contaminants in drinking water and industrial 
wastewater.10  Many organic compounds have been oxidized and thus 
decomposed using the Advanced Oxidation Processes.10c,11a-c  Although AOP 
has been used extensively for the oxidation of organic compounds, to our 
knowledge, it has not been used for the oxidation of metal complexes. 
When H2O2 is UV irradiated at wavelengths λ < 300 nm, homolytic splitting 
of the oxygen-oxygen bonds occurs, yielding hydroxyl radicals (Equation 4.1). 
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H2O2
hν 2 OH
                                        (Eq. 4.1) 
 
The radicals react with organic molecules to yield H2O and CO2 as main 
products.  In addition to producing hydroxyl radicals, the UV radiation either 
decomposes or activates organic complexes as well, since most organic 
compounds absorb in the UV region.  The UV radiation thus makes the organic 
compounds more easily oxidized by the hydroxyl radicals. 
Addition of ozone or UV radiation to a solution of hydrogen peroxide 
results in the activation of H2O2 and the formation of hydroxyl radicals, •OH.10b  
The reaction times of hydroxyl radicals with organic compounds are short, 
usually less than a millisecond.10b  In addition to the formation of hydroxyl 
radicals from the UV irradiation of H2O2, these reactions yield several other 
reactive species such as hydroperoxyl or peroxyl radicals.  These radicals also 
decompose organic compounds.  In other words, the activation of hydrogen 
peroxide by UV irradiation or ozone produces several radicals, all of which help 
decompose organic compounds. 
Two-stage analyzers for precious metals in spent industrial catalysts are 
of interest.  One design of an analyzer may involve a first stage to pre-treat the 
spent catalyst by AOP to remove ligands and organic species, and convert 
precious metals such as palladium to aqueous Pd(II) ions.  The second stage of 
the analyzer would consist of an electrochemical or optical sensing element 
selective for the precious metal.  To our knowledge, there has been no report of 
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using AOP in the oxidation of metal complexes to remove ligands.  We have 
investigated the conversion of palladium complexes to aqueous Pd(II) ions by the 
AOP reactions.  The three Pd catalyst complexes in Figure 4.1 were chosen as 
model precious metal complexes: palladium(II) acetate Pd(OAc)2 (4a), 
palladium(II) acetylacetonate Pd(acac)2 (4b), and 
tris(dibenzylideneacetone)dipalladium(0) Pd2(dba)3 (4c).  These three complexes 
are common catalysts in synthetic organic chemistry.1-3  Pd2(dba)3 was chosen in 
part to test AOP as a means by which to oxidize Pd(0) to Pd(II).  A summary of 
our studies is reported here. 
 
4.2.  Experimental 
 
4.2.1.  Reagents 
The chemicals used in the current studies, including hydrogen peroxide 
(Fisher, 30%; Kroger brand, 3%); N,N-dimethyl-4-nitrosoaniline (Acros, 99%); 
acetone (Fisher, certified ACS); glacial acetic acid (Mallinckrodt, analytical 
reagent); concentrated hydrochloric acid (Fisher, certified ACS); concentrated 
nitric acid (Fisher, certified ACS); sodium dodecyl sulfate (Fisher, certified ACS); 
Triton® X-100 (Acros); palladium(II) acetate (Strem, 98+%); palladium(II) 
acetylacetonate (Strem, 99%); tris(dibenzylideneacetone)dipalladium(0) (Strem, 
98%); palladium atomic absorption standard solution (Acros, 1000.6 ppm Pd) 
were used as received.  Deionized water (18 M) was used in the preparation of 
all aqueous solutions and standards. 
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Figure 4.1.  Chemical structures of the model palladium complexes studied in 
the current work: palladium(II) acetate (4a); palladium(II) acetylacetonate (4b); 
tris(dibenzylideneacetone)dipalladium(0) (4c). 
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4.2.2.  Analytical Instrumentation 
All UV-visible spectra were collected using a Hewlett-Packard 8452 
photodiode array UV-visible spectrophotometer and a standard 1.0-cm quartz 
cuvette.  Blank spectra of solutions containing all matrix components other than 
the analyte were recorded and subtracted from all subsequent spectra. 
Atomic absorption (AA) analyses were performed using a Perkin-Elmer 
5100 atomic absorption spectrophotometer using an air/acetylene flame under 
standard conditions6 unless otherwise noted. 
 
4.2.3.  Photochemical Reactor and UV Lamp Used in the Current Studies 
The photoreactor used in the current studies consists of an outer vessel 
containing the sample, into which a quartz immersion well/water jacket housing 
the UV lamp is immersed.  The sample capacity of the photoreactor is 
approximately 500 mL.  This reactor was designed and built in house, except for 
the quartz immersion well, which was purchased from Ace Glass.  The UV lamp 
used in these studies was a 450-W quartz medium-pressure mercury-vapor 
immersion lamp with a 5-in. arc length (Ace Glass 7825-34). 
 
4.2.4.  Preparation and AOP Treatment of Samples 
 
4.2.4.1.  Studies of the Solubilities of the Pd Complexes 4a-4c 
 The three Pd complexes 4a-4c were found insoluble in water.  Studies 
were conducted to determine their solubilities in various organic solvents by the 
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following process.  Pd complex (20 mg) was weighed into each of several small 
glass vials.  A minimal volume (< 1 mL) of an organic solvent was added to each 
vial (one solvent per vial).  The vials containing solvents with low solubilities of 
the Pd complex were discarded.  The vials containing the solvent in which the Pd 
complex was soluble were kept for further investigation.  The contents of these 
vials were then added to 100 mL of deionized water to determine if phase 
separation would occur.  Suitable organic solvents were determined to be those 
in which the Pd catalyst would readily dissolve, and would exhibit no phase 
separation upon addition of water. 
 
4.2.4.2.  AOP Treatment of Palladium(II) Acetate (4a) 
 In the preparation of a typical sample of 4a for AOP treatment, Pd(OAc)2 
(4a, 31.7 mg) was dissolved in acetone (700 	L).  The solution was then added 
to deionized water (200 mL) in the photochemical reactor.  A 3:1 mixture of 
concentrated HCl and HNO3 was then added to adjust pH to 0.75.  H2O2 (30%, 
5.0 mL) was added to the reactor to bring the H2O2 concentration to 5.0 g/L.  
After shielding the photochemical reactor with aluminum foil, the sample was UV 
irradiated using a 450-W UV lamp for 4.1 hours.  During the UV irradiation, H2O2 
(5%, 100 mL) was added dropwise to replenish H2O2.  After UV irradiation of the 
sample, the contents of the reactor were quantitatively transferred to a 500-mL 
volumetric flask so that the total volume of the sample could be accurately 
measured.  Repeated Pd(H2O)n2+ analyses by the N,N-dimethyl-4-nitrosoaniline 
method showed that (98.5 ± 1.2)% of 4a had been converted to aqueous 
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Pd(H2O)n2+ ions.  In a control sample of 4a that was not treated by AOP, only 
(79.1 ± 1.2)% of 4a existed as Pd(H2O)n2+ ions.  These results indicate that AOP 
treatment of the Pd(OAc)2 sample is necessary for the accurate detection and 
quantification of Pd(II) in 4a. 
 Atomic absorption (AA) was found to be a good method for total Pd 
analysis for samples of 4a that were and were not treated by AOP.  AA analyses 
of an AOP-treated sample and its control that was not treated by AOP detected 
(97 ± 3)% and (99 ± 3)% of palladium, respectively, in the samples of 4a. 
 
4.2.4.3.  AOP Treatment of Palladium(II) Acetylacetonate (4b) 
Pd(acac)2 (4b, 19.1 mg) was dissolved in glacial acetic acid (9.00 mL).  
The solution was added to deionized water (250 mL) in the photochemical 
reactor.  A 3:1 mixture of concentrated HCl and HNO3 was then added to adjust 
pH to 0.75.  H2O2 (30%, 6.3 mL) was added to the reactor to make the H2O2 
concentration 5.0 g/L.  After shielding the photochemical reactor with aluminum 
foil, the solution was UV irradiated using a 450-W UV lamp for 4.0 hours.  During 
the UV irradiation of the sample, H2O2 (5%, 100 mL) was added dropwise to 
replenish H2O2.  After UV irradiation, the contents in the reactor were 
quantitatively transferred to a 500-mL volumetric flask so that the total volume of 
the sample could be accurately measured.  Repeated Pd(H2O)n2+ analyses by 
the N,N-dimethyl-4-nitrosoaniline method showed that (98.2 ± 0.6)% of 4b had 
been converted to aqueous Pd(H2O)n2+ ions.  In a control sample of 4b that was 
not treated by AOP, only (89.5 ± 1.2)% of 4b existed as Pd(H2O)n2+ ions.  These 
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results indicate that AOP treatment of the Pd(OAc)2 sample gives more accurate 
detection and quantification of Pd in 4b. 
 AOP was also found necessary for the accurate quantification of Pd in 4b 
by atomic absorption (AA).  AA analyses of an AOP-treated sample and its 
control that was not treated by AOP detected (99 ± 3)% and (89 ± 3)% of 
palladium, respectively, in the samples of 4b. 
 
4.2.4.4.  AOP Treatment of Tris(dibenzylideneacetone)dipalladium(0) (4c) 
 Pd2(dba)3 (4c, 21.5 mg) was mixed with triton X-100 (0.150 mL) in a glass 
vial.  This mixture was then added quantitatively to deionized water (300 mL) in 
the photochemical reactor.  A 3:1 mixture of concentrated HCl and HNO3 was 
then added to adjust pH to 0.13.  H2O2 (30%, 5.0 mL) was added to the reactor to 
make the H2O2 concentration 5.0 g/L.  After shielding the photochemical reactor 
with aluminum foil, the sample was UV irradiated using a 450-W UV lamp for 5.8 
hours.  During the UV irradiation, H2O2 (4.7%, 125 mL) was added dropwise to 
replenish H2O2.  After UV irradiation, the contents of the reactor were 
quantitatively transferred to a 500-mL volumetric flask so that the total volume of 
the sample could be accurately measured. 
Pd(H2O)n2+ analyses by the N,N-dimethyl-4-nitrosoaniline method showed 
that (90.0 ± 1.2)% of 4c had been converted to aqueous Pd(H2O)n2+ ions.  In a 
control sample of 4c that was not treated by AOP, no Pd(H2O)n2+ ions were 
detected by the N,N-dimethyl-4-nitrosoaniline method.  AOP treatments of 
Pd2(dba)3 (4c) were repeated many times.  However, quantitative oxidation of 4c 
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was not reproducible.  These results indicate that the oxidation of 4c and removal 
of its ligands is possible, but the process is not complete. 
 AOP was also found necessary for the accurate quantification of Pd in 4c 
by atomic absorption (AA).  AA analyses of an AOP-treated sample and its 
control that was not treated by AOP detected (99 ± 3)% and (16 ± 3)% of 
palladium, respectively, in the samples of 4c. 
 
4.2.4.5.  Continuous Addition of H2O2 during UV Irradiation 
 Continuous addition of H2O2 during UV irradiation was conducted by using 
an addition funnel that was offset from the photoreactor and shielded by 
aluminum foil.  Such a design was made so that UV radiation from the 
photoreactor would not prematurely decompose H2O2 in the funnel.  The flow 
rate was adjusted prior to the start of the UV irradiation. 
 
4.2.4.6.  Studies of the pH during AOP Treatment of the Pd Complexes 
 In order to determine the optimum pH and acid/acid combination for use 
during AOP, samples of Pd(acac)2 (4b) were investigated.  Pd(acac)2 (4b, 19 
mg) was dissolved in glacial acetic acid (9.00 mL).  The solution was added to 
deionized water (250 mL) in the photochemical reactor.  Sample pH was varied 
from 0-1 by addition of H2SO4, HCl, HNO3, or aqua regia (a 3:1 mixture of HCl 
and HNO3).  H2O2 (30%, 6.3 mL) was added to each sample to make the H2O2 
concentration 5.0 g/L.  After shielding the photochemical reactor with aluminum 
foil, the solution was UV irradiated using a 450-W UV lamp for 4.0 hours.  During 
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the UV irradiation of the sample, H2O2 (5%, 100 mL) was added dropwise to 
replenish H2O2.  After UV irradiation, the contents in the reactor were 
quantitatively transferred to a 500-mL volumetric flask so that the total volume of 
the sample could be accurately measured.  Samples in which the pH was 
adjusted to 0.75 by addition of aqua regia showed the lowest errors in both 
aqueous Pd(II) [(1.8 ± 0.6)%] and total Pd [(1 ± 3)%] analyses.  Aqua regia was 
thus chosen for use in further experiments.   
 A control sample was prepared by adding Pd(acac)2 (4b, 19 mg) dissolved 
in glacial acetic acid (9.00 mL) to deionized water (250 mL) in a volumetric flask.  
Sample pH was adjusted to 0.75 by addition of aqua regia.  There was no AOP 
treatment of this sample.  Analyses of this control sample showed (10.5 ± 1.2)% 
and (11 ± 3)% errors in aqueous Pd(II) and total Pd contents, respectively. 
 
4.2.5.  Analysis of Total Pd and Pd(II) 
 All AOP samples and standards were prepared gravimetrically using 
standard analytical techniques.  At the conclusion of the UV irradiation step, 
samples were quantitatively transferred and diluted in volumetric flasks.  After 
dilution, samples were then analyzed for total palladium and aqueous Pd(II) 
content. 
Total palladium in each sample was analyzed by AA spectroscopy using 
an air-acetylene flame.  Standard solutions were prepared by serial dilution of a 
1000.6 ppm Pd(II) AA standard solution and addition of necessary sample matrix 
components to each standard before diluting to the proper volume.  The standard 
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curves were made by measuring the absorbance at 244.8 nm using a slit width of 
0.20 nm with a lamp current of 15 mA during analysis of the standards and 
samples for total Pd.6 
Pd(II) in each sample was analyzed by UV-vis spectrometry using N,N-
dimethyl-4-nitrosoaniline, a ligand selective for Pd(II).12  Upon addition of the 
ligand to a Pd(II) solution, a colored complex is formed.  Pd(II) content in the 
standards and samples was determined by monitoring the absorbance at 496 nm 
in the UV-vis spectrum.  Standards were prepared by serial dilution of a 1000.6 
ppm Pd(II) AA standard solution and addition of the ligand and necessary sample 
matrix components to a volumetric flask. 
 Detailed procedures and errors in the determination of total Pd and Pd(II) 
are given in Appendix C. 
 
4.3.  Results and Discussion 
 
4.3.1.  The Advanced Oxidation Process 
Palladium acetate (4a) and palladium acetylacetonate (4b) are Pd(II) 
complexes.  Our tests have shown that direct analysis of Pd before AOP 
treatment by the UV-vis and AA methods discussed in Part 4.2.5 result in large 
errors, suggesting that the ligands in these complexes may interfere with 
detection of Pd(II).  Pd2(dba)3 contains Pd(0) and thus requires both oxidation of 
Pd(0) to Pd(II) and the removal of the organic ligands before quantitative analysis 
of palladium by established electrochemical or optical methods.  The Advanced 
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Oxidation Process (AOP) has thus been investigated to treat these Pd 
complexes. 
Our work reveals that, among the factors contributing to the efficiency of 
Advanced Oxidation Processes, solubility of the complex in aqueous solution is 
the most important.  Other factors include power of the UV source, reactor 
design, H2O2 concentration, length of UV irradiation, and sample pH.  Our studies 
of these factors are discussed herein. 
 
4.3.2.  Optimization of Parameters in an AOP Treatment 
 
4.3.2.1.  Improving Solubility of the Pd Complexes in Aqueous Solution 
AOP is an oxidation process conducted in aqueous solution using dilute 
H2O2 in water and UV radiation or O3 as oxidants.  Our studies have shown that, 
for the successful treatment of compounds by AOP, it is necessary that the 
compound be soluble or at least well dispersed in aqueous solution.  For 
compounds that are water soluble, AOP may be readily applied, as demonstrated 
in the AOP treatment of a water-soluble chromium complex in Part 3.  For 
compounds that are sparingly soluble in water, their AOP treatments may be 
challenging. 
Most palladium complexes that are good catalysts are only soluble in 
organic solvents.3e  The Pd catalyst complexes (Figure 4.1) investigated in the 
current studies, palladium acetate (4a), palladium acetylacetonate (4b), and 
tris(dibenzylideneacetone)dipalladium(0) (4c), are insoluble in water.13  
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Significant effort was made to investigate methods to incorporate these 
complexes into aqueous solution. 
 
4.3.2.2.  Solubility and AOP Treatment of Palladium(II) Acetate (4a) 
Initial attempts to disperse/dissolve Pd(OAc)2 (4a) in aqueous solution 
involved addition of various surfactants to solids of 4a.  Sodium dodecylsulfate 
(SDS), an ionic surfactant (4d, Figure 4.2), was first investigated.  The addition of 
SDS (850 mg) to 4a (10 mg) in water (200 mL) was found to make a clear 
dispersion of 4a in the solution.  The AOP treatment of this solution was found to 
give poor analyses of both total Pd and Pd(II).  Unknown black solids were found 
in the AOP-treated mixture. 
Triton X-100 (4e, Figure 4.2), a nonionic surfactant, was next investigated 
to disperse Pd(OAc)2 (4a) in aqueous solution.  There is a long, oxygen-
containing tail in 4e, and it was thought that the oxygen atoms may allow easier 
oxidation of the carbon atoms in the tail.  In comparison, the tail in SDS is 
hydrocarbon in nature.  It was found that ca. 2.0 g of Triton X-100 was required 
to disperse 10 mg of Pd(OAc)2 (4a) in ca. 200 mL of water.  The AOP treatment 
of this solution was also unsuccessful, yielding poor analyses of both total Pd 
and Pd(II). 
The two surfactants 4d and 4e were found to disperse the Pd complex in 
aqueous solution.  However, in the AOP treatment, the large amounts of the 
organic surfactants are also oxidized by H2O2 and UV irradiation.  The amounts  
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Figure 4.2.  Chemical structures of sodium dodecyl sulfate (SDS, 4d) and Triton® 
X-100 (4e). 
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of the surfactants needed to reach the critical micelle concentration to disperse 
the Pd complex likely exceeded the amount of organics that could be completely 
oxidized by AOP in our work.  The incomplete oxidation of surfactant molecules 
could have led to the formation of black particles that were observed in some 
instances.  The use of surfactants thus made the complete oxidation of all 
organic species difficult. 
We next investigated the approach using solvent mixtures of an organic 
solvent and water to dissolve Pd(OAc)2 (4a).  After investigating several organic 
solvents, acetone was found to work well in this approach.  Pd(OAc)2 in acetone 
and water was found to give a clear solution.  In one solubility test, the sample 
was prepared by dissolving Pd(OAc)2 (30 mg) in a minimum amount of acetone 
(700 µL).  The solution was then added to 300 mL of deionized water to give a 
homogeneous solution.  Subsequent AOP treatment of this sample was 
successful, yielding values for total Pd and Pd(II) that were in a close agreement. 
The results here indicate that this is a good method to dissolve Pd(OAc)2 
in aqueous solution.  The following may contribute to its success: (1) Acetone 
molecules are much smaller than the bulky surfactant molecules used earlier; (2) 
Acetone contains a carbonyl group that may have helped the oxidation of 
acetone in the AOP; (3) In the sample using acetone, the total amount of 
organics (700 µL) is lower than in samples containing the surfactants (SDS: 850 
mg; Triton X-100: 2.0 g). 
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4.3.2.3.  Solubility of Palladium(II) Acetylacetonate (4b) 
Studies in Part 4.3.2.2 showed that mixed solvents containing water and 
an organic solvent miscible with water dissolves Pd(OAc)2.  A similar method was 
used to dissolve Pd(acac)2 (4b) in mixed solvents.  Several organic solvents 
were investigated, and Pd(acac)2 was found to be soluble in glacial acetic acid.  
In one test, Pd(acac)2 (4b, 20 mg) was dissolved in 9 mL of glacial acetic acid.  
This solution was then mixed with 300 mL of water to give a homogeneous 
solution.  Subsequent AOP treatment of this sample was successful, yielding 
values for total Pd and Pd(II) that were in a close agreement. 
Acetic acid, as acetone, contains a carbonyl group, and is thus easier to 
oxidize than bulky surfactants.  Even though a relatively large amount of glacial 
acetic acid was used here, it apparently did not cause a problem for subsequent 
AOP treatment. 
 
4.3.2.4.  Solubility of Tris(dibenzylideneacetone)dipalladium(0) (4c) 
 Tris(dibenzylideneacetone)dipalladium(0) [Pd2(dba)3, 4c] is soluble in few 
organic solvents.3e  Of the solvents such as chloroform and toluene in which 
Pd2(dba)3 is soluble, none are miscible with water.  The use of a surfactant was 
found to be the only method to disperse the complex in aqueous solution.  Both 
SDS and triton X-100 were investigated for dispersion of Pd2(dba)3 (4c) in 
aqueous solution.  Triton X-100 was found to work well for the dispersion of the 
complex.  However, attempts to disperse the complex using SDS did not work as 
well as those using triton X-100. 
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Subsequent AOP treatment of the Pd2(dba)3 (4c)/triton X-100 samples 
show qualitatively that the ligand in 4c was removed from the metal, and Pd(0) in 
the complex was oxidized to Pd(II).  However the conversion during AOP was not 
complete, and unknown black solids were found in the AOP-treated mixture.  As 
in the samples involving Pd(OAc)2 (4a) and surfactants (Part 4.3.2.2), the amount 
of surfactant (Triton X-100: 0.162 g) needed to reach the critical micelle 
concentration to disperse the Pd complex likely exceeded the amount of organics 
that could be oxidized by AOP.  The use of surfactants thus made the complete 
oxidation of all organic species difficult. 
 
4.3.2.5.  UV Irradiation vs. Ozone in the AOP Treatment of the Pd 
Complexes 
Many AOP studies have been conducted using both ozone and UV 
radiation to generate active hydroxyl radicals from H2O2.  Although both methods 
have been thoroughly tested, UV radiation was chosen as the method for 
activating H2O2 in the current studies.  Advantages of using UV in our studies 
include the ease of generating UV radiation, low cost, and its potential for use in 
a portable sensor.  Primary reasons for not using ozone include the need for an 
ozone generator, health risks associated with ozone in a research laboratory, 
and corrosion that ozone causes to laboratory equipment. 
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4.3.2.6.  Hydrogen Peroxide Concentration during the AOP Treatment 
Earlier AOP studies showed that a H2O2 concentration of 5 g/L during the 
UV irradiation process was sufficient for the oxidation of several organic 
compounds.10b  A H2O2 concentration of 5 g/L was also found to work well in the 
current studies.  As is the case with other AOP systems, replenishing H2O2 
during UV irradiation of the sample has been found to contribute to the overall 
efficiency of the process. 
In many reported AOP studies, H2O2 is added at the beginning of the 
experiment before UV irradiation of the sample.10b-c,14   Our initial experiments 
were carried out similarly.  H2O2 was added into the reactor immediately before 
UV irradiation of the sample so that the H2O2 concentration was 5 g/L.  These 
experiments showed incomplete oxidation of the organic species and thus poor 
Pd(II) analysis.  It is suspected that the H2O2 was depleted during the reaction, 
and thus not enough hydroxyl radicals were generated to complete the oxidation. 
We subsequently investigated continuous addition of H2O2 during the UV 
irradiation of Pd(OAc)2 samples.  H2O2 (30%, 5.0 mL) was added to samples i 
and ii (total volume: 300 mL) in Figure 4.3 before UV irradiation to give a H2O2 
concentration of 5 g/L.  During the UV irradiation of samples i and ii (Figure 4.3), 
a 5% H2O2 solution (100 mL) was added dropwise to replenish H2O2.  In control 
samples (iii and iv) without continuous H2O2 addition (Figure 4.3), H2O2 was 
added prior to the UV irradiation so that the H2O2 concentration was 5 g/L.  The 
continuous addition of H2O2 was found to greatly increase the efficiency of the 
oxidation process and the removal of organic ligands.  Nearly quantitative [(99.0  
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Figure 4.3.  Comparison of the total Pd and aqueous Pd(II) concentration after 
the AOP treatment of Pd(OAc)2 samples i, ii, iii, and iv.  H2O2 was continuously 
added during UV irradiation of samples i and ii.  In control samples iii and iv, 
H2O2 was not continuously added during UV irradiation. 
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± 0.5)%] conversion of the Pd complex in samples i and ii to aqueous Pd(II) was 
achieved, as the Pd(II) analysis revealed.  In comparison, (0.0 ± 0.1)% and (17.8 
± 0.1)% of the Pd complex in samples iii and iv were converted to aqueous 
Pd(II). 
 
4.3.2.7.  Length of UV Irradiation and Related Effects 
Unlike the water-soluble chromium complex discussed in Part 3, longer 
UV irradiation is required to treat the water-insoluble palladium complexes, even 
when continuous addition of H2O2 is used during UV irradiation.  Each of the 
three Pd complexes (4a, 4b, 4c) was investigated separately to determine the 
optimum UV irradiation length.  Incomplete oxidation of the 
tris(dibenzylideneacetone)dipalladium(0) (4c)/micelle mixture was observed even 
after 15 hours of UV irradiation, as stated earlier, and 4c was thus not studied 
further.  Identical Pd samples of 4a or 4b were UV irradiated from one to six 
hours.  Samples treated for less than four hours often did not yield quantitative 
analysis of aqueous Pd(II) by UV-vis spectroscopy using N,N-dimethyl-4-
nitrosoaniline.  UV irradiation of four hours resulted in (99.0 ± 0.5)% oxidation 
and removal of the ligands to give quantitative analysis of aqueous Pd(II) by UV-
vis spectroscopy using N,N-dimethyl-4-nitrosoaniline.  Longer UV irradiation was 
thus not investigated. 
Several factors may contribute to the increase in UV irradiation time here 
(in comparison to the AOP treatment of the Cr complex in Part 3):  (1) There are 
organic solvents in 4a and 4b, and they need to be oxidized as well; (2) The Pd 
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complexes 4a and 4b are insoluble in water, and, in mixed organic solvent/water, 
may have higher kinetic barriers for oxidation by water-based hydroxyl radicals 
•OH; (3) The volume of samples in the current work (~300-400 mL) is much 
larger than that (~15 mL) in the Cr sample, and the larger volume is expected to 
require longer AOP treatment. 
 
4.3.2.8.  Effect of pH during AOP Treatment 
Initial AOP experiments involving the palladium complexes were 
conducted without adjustment of pH.  Coatings and/or unknown black particles 
were often observed on the inside walls of the photoreactor.  Analysis of the 
coatings/particles showed a significant amount of Pd content.  In an attempt to 
prevent formation of the coatings, variation of solution pH during AOP treatment 
of Pd(acac)2 (4b) was investigated. 
These studies show that lowering pH during the AOP treatment eliminates 
the formation of coatings and/or particles.  Optimum results were obtained when 
sample pH was maintained in the range of 0.5-0.8.  Several acids including HCl, 
HNO3, and aqua regia (a 3:1 mixture of HCl and HNO3) were used to lower pH.  
While neither HCl nor HNO3 alone was found to greatly increase the amount of 
free Pd(II), the use of the combination of acids as aqua regia was found to give 
the best results [(1.8 ± 0.6)% and (1 ± 3)% errors in Pd(II) and total Pd analyses, 
respectively]. 
A control sample of 4b was prepared similarly, and its pH was adjusted to 
0.75 by addition of aqua regia.  There was no H2O2 addition or UV irradiation of 
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this sample.  The (10.5 ± 1.2)% and (11 ± 3)% errors in aqueous Pd(II) and total 
Pd analyses, respectively, in this control sample are larger than those in the 
sample of 4b that was treated by AOP.  This finding indicates that the 
combination of low pH and AOP treatment are required for accurate Pd analysis.  
It should be noted that low pH (pH < 2) is often used in standard analytical 
procedures.15 
 
4.3.2.9.  UV Lamp and Photoreactor Used in the Current Studies 
 A large-scale photoreactor and high-intensity UV lamp were used to treat 
large quantities of samples in the current work.  A 500-mL photoreactor (Figure 
4.4) was designed and built in house.  A large Teflon-coated magnetic stir bar 
was used during the UV irradiation process.  A port was incorporated into the 
design to allow the use of a continuous addition funnel for H2O2 addition during 
UV irradiation.  A second port allows air to enter the photoreactor.  For the large 
photoreactor, the path of the UV irradiation through the sample is relatively long.  
Solution in the inner portion of the photoreactor absorbs much of the radiation, 
thus reducing the amount of UV radiation reaching the solution in the outer 
portion of the photoreactor.  A high intensity UV source (450-W) (Figure 4.5) was 
therefore used to provide adequate radiation intensity for activation of the H2O2 
near the outer portion of the sample. 
 Although the 15-mL small-scale photoreactor and the 5.5-W UV lamp 
were proven effective for the oxidation processes discussed in Part 3, sample 
treatment using this combination was not attempted.  As discussed earlier in the  
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Figure 4.4.  Photo of the photochemical reactor with an immersion well and a 
450-W UV lamp. 
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Figure 4.5.  Photo of the 450-W UV lamp used in the current studies. 
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current work, the Pd complexes 4a-4c require long UV irradiation, as well as 
continuous addition of H2O2 for good results.  Much longer UV treatment would 
have been expected if the microscale photoreactor had been used.  Thus the 15-
mL photoreactor and the 5.5-W UV lamp were not used in the current work. 
 
4.4.  Concluding Remarks 
 The Advanced Oxidation Process has proven to be a viable method to 
oxidize the ligands and organic species contained in model Pd catalyst 
complexes.  The low solubility of these complexes in aqueous solution was a 
major challenge in the AOP treatment.  The use of mixed organic solvent/water 
for Pd(OAc)2 (4a) and Pd(acac)2 (4b) is a good method to dissolve water-
insoluble complexes for subsequent AOP treatment.  Although treatment of Pd(0) 
complex 4c did not give good Pd analysis results, oxidation of 4c and removal of 
its ligands by AOP did occur.  Its low solubility in many organic solvents makes it 
difficult to find mixed organic/water solvents for 4c. 
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Part 5 
Spectroscopic Detection of Halocarbons Using Modified 
Fujiwara Reactions 
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5.1.  Introduction 
Halocarbons such as chloroform1 and carbon tetrachloride2 have been 
used extensively in many industries and are produced on the scale of thousands 
of tons per year worldwide.  These chemicals, which are also called halogenated 
hydrocarbons (HHCs), are known to cause damage to the liver, kidneys, and the 
neurological system, and most are suspected carcinogens.3  The levels of these 
chemicals in the environment need to be closely monitored.4  Chromatography 
has been used in the analysis of these compounds.5,6 
The Fujiwara reaction for the spectroscopic detection of chloroform was 
first reported in 1916.7  This reaction, as originally reported, relies on a two-
phase system consisting of an aqueous layer of NaOH along with a liquid 
pyridine layer to which chloroform was added.  This mixture was then heated to 
give an intense red color that was monitored spectroscopically for chloroform 
detection and quantification.  Although this reaction is irreversible and 
nonspecific with respect to the detection of halocarbons, it has great utility when 
analyzing solutions containing a single analyte.  Kowalski and coworkers have 
developed procedures based on the Fujiwara reactions for the multicomponent 
determination of halocarbons and mixtures of halocarbons using tetra-n-
butylammonium hydroxide as the base.8-10 
Several modifications11-21 of the original Fujiwara procedure, including a 
single-phase Fujiwara system,11 have been reported for the detection of 
halogenated compounds.  Many of these methods rely on the use of excess 
 111 
pyridine for the detection and quantification of the halogenated compounds.  
Pyridine is a toxic, offensive-smelling liquid,22-23 and, in the state of California, it is 
legally known to the state to cause cancer.24  The vapor of pyridine often adheres 
to skin and clothing persistently.  The systems involving pyridine for detection of 
halogenated compounds are often comprised of two phases, since the commonly 
used alkalis in water are insoluble in pyridine.  Complicated procedures are thus 
often required to extract the analyte compound into the pyridine layer for 
detection. 
We have recently studied new reagents for the Fujiwara reactions.  Solid 
pyridine derivatives such as 2,2′-dipyridyl or 4,4′-dipyridyl are easier to handle.  
We have also replaced aqueous NaOH, the traditional base, with aqueous tetra-
n-butylammonium hydroxide (n-Bu4NOH)8-11 or potassium tert-butoxide (KO-t-
Bu), which are both soluble in tetrahydrofuran (THF).  By replacing liquid pyridine 
and NaOH with reactants that are soluble in THF, we have eliminated the two-
phase system and developed a less complicated experimental procedure.  THF, 
with a moderate health effect,25 is used as a solvent in these reactions to 
incorporate the more user-friendly reagents. 
Unlike the traditional Fujiwara reaction that requires the use of an aqueous 
base solution, the use of KO-t-Bu and the solid pyridine derivatives require no 
water.  These reactions may thus potentially allow the detection of halocarbons in 
water-sensitive systems as well.  Our studies using these new reagents in the 
Fujiwara reactions to spectrophotometrically detect chloroform and carbon 
tetrachloride are reported here. 
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5.2.  Experimental 
 
5.2.1.  Reagents 
Chloroform HCCl3 (Burdick and Jackson, high purity), carbon tetrachloride 
CCl4 (99.5+% anhydrous, Sigma), tetrahydrofuran (THF) (Fisher, certified), 2,2′-
dipyridyl (Acros, 99+%), 4,4′-dipyridyl (Acros, 98%), and tetra-n-butylammonium 
hydroxide (n-Bu4NOH, Lancaster, 40 w/w% aqueous solution) were used as 
received.  KO-t-Bu was prepared from potassium metal and tert-butanol (HO-t-
Bu) and freshly sublimed at 120 °C and 0.1 torr before use.26 
 
5.2.2.  Instrumentation 
A Hewlett-Packard 8452 photodiode array UV-visible spectrophotometer 
or a Thermo Spectronic BioMate 5 scanning UV-visible spectrophotometer were 
used in the current studies.  All blank and sample spectra were collected in 
standard 1.0 cm quartz cuvettes. 
 
5.2.3.  Preparation of Standards 
Each standard was prepared by weighing 0.3128 g (2 mmol) of 2,2′-
dipyridyl or 4,4′-dipyridyl into a 10-mL volumetric flask, and the dipyridyl was 
dissolved using a minimal amount of THF.  n-Bu4NOH (40% aqueous solution, 
100 	L, 0.1 mmol) or KO-t-Bu (75.8 mM in THF, 8.00 mL, 0.606 mmol) was then 
added to the volumetric flask containing the dipyridyl.  THF was added to the 
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volumetric flask to obtain the desired concentration.  Standard HCCl3 or CCl4 
solutions were prepared from their stock solutions that had been prepared 
gravimetrically. 
Unless specified otherwise, all studies were carried out using solutions 
containing 0.015 M n-Bu4NOH and 0.200 M 2,2′-dipyridyl at 25 °C.  For each 
measurement, the UV-visible spectrum of a blank containing the dipyridyl and the 
base at the desired concentrations was used as the reference.  Error estimation 
is given in Appendix D.  In some cases, the error bars in the measurements may 
not be visible in the plots. 
 
5.3.  Results and Discussion 
 The Fujiwara reaction and mechanism have been described in the 
literature using trihalogenated methanes (HCX3) as representative 
halocarbons.12,27-28  First, a strong base removes the acidic proton in HCX3 to 
yield a trihalomethyl anion :CX3− (Equation 5.1).  This unstable anion loses a 
halide anion (Equation 5.2) and gives a reactive carbene species (:CX2) that 
reacts with pyridine (Py), yielding a highly conjugated colored product.  The 
traditional Fujiwara chemistry (pyridine/OH−) is a two-phase system, since the 
commonly used alkalis (NaOH and KOH) in water are insoluble in pyridine.  
Therefore, the reaction product is formed only at the interface.11,14 
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In many Fujiwara reactions, a small amount of water (or OH−) is required 
both for the hydroxide (OH−) base and in the reaction of the carbene :CX2 with 
pyridine to give the colored product.27  When a large amount of water is present, 
it competes with pyridine for the carbene intermediate, decomposing :CX2 before 
it reacts with pyridine to give the colored product.29  It should be pointed out that, 
when the base KO-t-Bu was used, colored products were obtained without water, 
as shown in the current work. 
 
5.3.1.  Solvent and Reagents 
Tetrahydrofuran was used as a solvent mainly because of high solubilities 
of reactants such as n-Bu4NOH, KO-t-Bu, 2,2′-dipyridyl and 4,4′-dipyridyl in 
THF.25  One-phase Fujiwara reactions are thus feasible in THF.  When 
conducting this modified Fujiwara reaction, it was found to be of paramount 
importance to strictly control the concentrations of dipyridyl and base.  The 
concentrations of dipyridyl and base significantly affected the amount of products 
from the Fujiwara reactions, and the detection limit of these reactions.  Studies 
were carried out to optimize the amount of the reagents used in these reactions 
and the detection limits of the new processes. 
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n-Bu4NOH is commercially available as a 40 w/w% aqueous solution.  In 
the determination of the optimum n-Bu4NOH concentration, standard solutions 
were prepared containing 0.200 M 2,2′-dipyridyl and 20 mg/L HCCl3 in THF.  The 
concentration of n-Bu4NOH in these standards was varied from 0.0061 M, 0.015 
M, 0.030 M, 0.050 M, 0.075 M, 0.100 M to 0.150 M.  The absorbance of the 
colored products at 440 nm in the UV spectrum (Figure 5.1) for these solutions 
was the greatest when the n-Bu4NOH concentration was at 0.015 M. 
At a lower n-Bu4NOH concentration of 6.10 x 10−3 M, a drop in 
absorbance was observed.  Thus, the n-Bu4NOH concentration of 0.015 M was 
used in most of the current studies.  An adequate amount of the base is needed 
for the Fujiwara reaction.  However, as noted earlier, excess water in the more 
concentrated n-Bu4NOH solutions may intercept the carbene intermediate 
:CCl2,29 and thus reduce the yield of the colored product between :CCl2 and 2,2′-
dipyridyl.  In other words, excess water has detrimental effects on the reaction. 
Both 2,2′-dipyridyl and 4,4′-dipyridyl were found to react with HCCl3 or CCl4 and 
n-Bu4NOH to give colored species.  Typical UV-visible spectra of the products 
from the Fujiwara reactions of HCCl3 with n-Bu4NOH and 2,2′-dipyridyl or 4,4′-
dipyridyl are given in Figure 5.2.  Such UV-visible spectra of the products from 
the reactions of CCl4 are given in Figure 5.3.  In reactions involving both HCCl3 
and CCl4, UV-visible peaks at 438-444 nm and 364 nm were observed for the 
solutions containing 2,2′-dipyridyl and 4,4′-dipyridyl, respectively.  The products 
from the Fujiwara reactions involving 4,4′-dipyridyl were found to  
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Figure 5.1.  Absorbance of the colored products at 438 nm as a function of n-
Bu4NOH concentration. 
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Figure 5.2.  UV-visible spectra of the products from the Fujiwara reactions 
involving chloroform.  () 18.54 mg/L HCCl3 with 0.200 M 2,2′-dipyridyl and 0.050 
M n-Bu4NOH; () 18.54 mg/L HCCl3 with 0.200 M 4,4′-dipyridyl and 0.050 M n-
Bu4NOH; () 16.10 mg/L HCCl3 with 0.200 M 2,2′-dipyridyl and 0.060 M KO-t-Bu. 
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Figure 5.3.  UV-vis spectra of the products from the Fujiwara reactions involving 
carbon tetrachloride.  () 27.78 mg/L CCl4 with 0.200 M 2,2′-dipyridyl and 0.050 
M n-Bu4NOH; () 11.11 mg/L CCl4 with 0.200 M 4,4′-dipyridyl and 0.050 M n-
Bu4NOH. 
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contain unknown solids, and were more difficult to handle than those involving 
2,2′-dipyridyl.  Thus our current studies were focused on the use of 2,2′-dipyridyl 
with limited tests conducted using 4,4′-dipyridyl for comparison. 
Studies were also conducted using KO-t-Bu as the base in the Fujiwara 
reaction involving HCCl3 and 2,2′-dipyridyl.  This reaction involves no water, and 
thus allows for the detection of the halocarbons in systems sensitive to water.  A 
large peak at 340 nm in the UV spectrum (Figure 5.2) was observed for the 
product(s) from the reaction. 
Other experiments were conducted to determine the optimum 
concentration of 2,2′-dipyridyl in the current Fujiwara reactions.  Standard 
solutions were prepared so that each contained 0.050 M n-Bu4NOH and 20 mg/L 
HCCl3 in THF.  The concentration of 2,2′-dipyridyl was varied from 0.050 M, 
0.075 M, 0.100 M, 0.125 M, 0.150 M, 0.175 M to 0.200 M.  The highest 
absorbance and thus highest sensitivity were achieved with the solution 
containing 0.200 M 2,2′-dipyridyl (Figure 5.4).  These seven points yield the 
following linear plot:  Absorbance (440 nm) = 0.02752 + 1.122 C2,2′-dipyridyl (R2 = 
0.99).  Increasing the concentration of 2,2′-dipyridyl was limited by its solubility in 
THF. 
 
5.3.2.  Change of Absorbance at max as a Function of Time 
Color development was noticed immediately after the reagents were 
mixed in the Fujiwara reactions involving HCCl3.  In a study involving 20 mg/L  
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Figure 5.4.  Absorbance of colored products at 440 nm as a function of 2,2′-
dipyridyl concentration. 
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CHCl3, 0.05 M n-Bu4NOH and 0.200 M 2,2′- dipyridyl, the absorbance of the 
product at max reached the maximum at time (t) = 10 min, and subsequently 
decreased linearly by the following equation: Absorbance = 0.162 – (2.72 × 104) t 
(min) (R2 = 0.99; range of t: 10-60 min; spectrum recording interval: 1 min).  A 
control study ruled out the photodecomposition of the colored products by the 
irradiation of the light source in the Hewlett-Packard 8452 photodiode array UV-
visible spectrophotometer.  It would thus be desirable to take the spectra of this 
Fujiwara reaction at 10 min after the reagents are mixed.  We have found 
however that, for a typical test involving, e.g., 8 standards to establish the 
calibration plot, it usually takes 20 min to prepare the test solutions, and that 
recording the spectra of the 8 standards normally takes 20 min as well.  We thus 
chose in the current studies to start recording the spectra of the test solutions at 
30 min, so that the spectrum of each test solution was recorded approximately 30 
min after the reagents were mixed.  Such tests were found to give linear 
calibration plots of absorbance vs. HCCl3 concentrations, as discussed below. 
 Color development was also noticed immediately after the reagents were 
mixed in the Fujiwara reactions involving CCl4.  However, unlike in the reaction 
involving HCCl3, no change of the absorbance vs. time was observed.  In a test 
involving 2.00 mg/L CCl4, 0.015 M n-Bu4NOH and 0.200 M 2,2′-dipyridyl, the 
absorbance of the product reached the maximum at t = 6 min, and did not 
change (range of t: 0-114 min; spectrum recording interval: 6 min).  In the current 
studies, spectra of the product in the tests with CCl4 were recorded 90 min after 
the reagents were mixed. 
 122 
5.3.3.  Test Solutions for HCCl3 and CCl4 
 
5.3.3.1.  Detection of HCCl3 Using n-Bu4NOH and 2,2′-Dipyridyl or 4,4′-
Dipyridyl 
In the detection of HCCl3 using 0.015 M n-Bu4NOH and 0.200 M 2,2′-
dipyridyl in THF, HCCl3 concentrations were tested in the range of 0.17-0.98 
mg/L.  Under these optimum concentrations of the reagents, a linear calibration 
plot (R2 > 0.99) was observed using the UV-visible peak at 438 nm.  The HCCl3 
detection limit was found to be 0.17 mg/L (Table 5.1).  Additional tests were 
conducted using 0.050 M n-Bu4NOH, 0.200 M 2,2′-dipyridyl in THF, and 0.23-
18.54 mg/L HCCl3.  As shown in Figures 5.5 and 5.6, linear calibration plots (R2 > 
0.99) were prepared by plotting the absorbance at 444 nm and 364 nm vs. HCCl3 
concentration in this range when using 2,2′-dipyridyl and 4,4′-dipyridyl, 
respectively.  The HCCl3 detection limits in these tests were 0.23 mg/L for the 
tests using both 2,2′-dipyridyl and 4,4′-dipyridyl, and this concentration using 
0.050 M n-Bu4NOH was higher than the 0.17 mg/L detection limit when using 
0.015 M n-Bu4NOH. 
 
5.3.3.2.  Detection of HCCl3 Using KO-t-Bu and 2,2′-Dipyridyl 
In the studies using 0.200 M 2,2′-dipyridyl and KO-t-Bu (0.060 M) in THF, 
HCCl3 concentrations were tested in the range of 4.00-40.00 mg/L.  As shown in 
Figure 5.7, linear calibration plots (R2 > 0.99) were thus prepared by plotting the 
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Table 5.1.  Comparison of the HCCl3 and CCl4 detection limits using the modified 
Fujiwara reactions. 
Analyte Base Pyridine Derivative Detection Limit (mg/L) 
HCCl3 n-Bu4NOH (0.015 M) 2,2′-dipyridyl (0.200 M) 0.172 ± 0.002 
HCCl3 KO-t-Bu (0.060 M) 2,2′-dipyridyl (0.200 M) 4.00 ± 0.09 
CCl4 n-Bu4NOH (0.015 M) 2,2′-dipyridyl (0.200 M) 0.50 ± 0.02  
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Figure 5.5.  Calibration plot for the analysis of HCCl3 by the modified Fujiwara 
reaction using 2,2′-dipyridyl and n-Bu4NOH. 
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Figure 5.6.  Calibration plot for the analysis of HCCl3 by the modified Fujiwara 
reaction using 4,4′-dipyridyl and n-Bu4NOH. 
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Figure 5.7.  Calibration plot for the analysis of HCCl3 by the modified Fujiwara 
reaction using 2,2′-dipyridyl and KO-t-Bu. 
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absorbance at 340 nm vs. HCCl3 concentration in the range from 4.00-40.00 
mg/L.  The HCCl3 detection limit by this method was found to be 4.00 mg/L 
(Table 5.1).  It is noted that the reaction here was conducted in water-free 
solutions, and the procedure here allows the HCCl3 detection in water-sensitive 
systems.   
 
5.3.3.3.  Detection of CCl4 Using n-Bu4NOH and 2,2′-Dipyridyl or 4,4′-
Dipyridyl 
In the detection of CCl4 using 0.015 M n-Bu4NOH and 0.200 M 2,2′-
dipyridyl in THF, CCl4 concentrations were tested in the range of 0.50-2.00 mg/L.  
A linear calibration plot (R2 > 0.99) was observed using the UV-visible peak at 
444 nm.  The CCl4 detection limit was found to be 0.50 mg/L (Table 5.1).  
Additional studies were conducted using 0.050 M n-Bu4NOH, 0.200 M 2,2′-
dipyridyl or 4,4′-dipyridyl in THF, and CCl4 (concentration ranges of 1.39-27.78 
mg/L and 11.11-55.55 mg/L for 2,2′-dipyridyl and 4,4′-dipyridyl, respectively).  
Linear calibration plots (Figures 5.8 and 5.9; R2 > 0.98) were prepared by plotting 
the absorbance at 444 nm and 364 nm vs. CCl4 concentration when using 2,2′-
dipyridyl and 4,4′-dipyridyl, respectively.  The detection limits were 0.50 and 
11.11 mg/L for the tests involving 2,2′-dipyridyl and 4,4′-dipyridyl, respectively. 
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Figure 5.8.  Calibration plot for the analysis of CCl4 by the modified Fujiwara 
reaction using 2,2′-dipyridyl and n-Bu4NOH. 
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Figure 5.9.  Calibration plot for the analysis of CCl4 by the modified Fujiwara 
reaction using 4,4′-dipyridyl and n-Bu4NOH. 
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5.3.4.  A Comparison of the Current Modified Fujiwara Reactions with the 
Standard Fujiwara Reactions 
 There have been many reports outlining the use of pyridine with various 
bases for the Fujiwara reactions.7-21  These reported methods have detection 
limits in the range of 1-100 mg/L and response times varying from 15 min to 
several hours.  The dynamic range of these methods also varies, but is often on 
the order of 5-100 mg/L. 
In comparison to these previously reported methods, the detection limit of 
chloroform with the current modified Fujiwara reactions is as low as 0.17 mg/L 
(Table 5.1).  Calibration plots for the analysis of HCCl3 using n-Bu4NOH and 2,2′-
dipyridyl were shown to be linear (R2 > 0.99) in the range from 0.17-18.54 mg/L.  
In the analysis of HCCl3 using 2,2′-dipyridyl and KO-t-Bu, calibration plots were 
shown to be linear (R2 > 0.99) in the range of 2.00-40.2 mg/L with a detection 
limit of 2.00 mg/L.  These comparisons show that our modifications to the original 
Fujiwara reaction yield at least comparable results to those obtained when 
conducting the Fujiwara reaction using liquid pyridine.  In addition to the 
comparable analytical figures of merit, the current modified reactions have 
eliminated the use of an undesirable reagent, pyridine. 
Chloroform was found to have a lower detection limit than carbon 
tetrachloride, perhaps because the proton in HCCl3 is easier to remove to yield 
the CCl3− anion.  In addition, aqueous base n-Bu4NOH offers a better HCCl3 
detection limit than water-free KO-t-Bu (Table 5.1). 
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5.4.  Concluding Remarks 
The proposed methods for detection/quantification of chloroform and 
carbon tetrachloride replace toxic, offensive-smelling liquid pyridine and allow the 
Fujiwara reactions in a single phase.  Such one-phase, modified Fujiwara 
reactions offer detection limits comparable to the traditional two-phase Fujiwara 
reactions, the only known reactions for detecting halocarbons 
spectrophotometrically in the visible region.  Minimal instrumentation is required, 
and the proposed methods may thus lead to an analytical procedure that could 
be readily employed in laboratories or in field tests using portable UV-visible 
spectrometers. 
Our ultimate objective is to employ a membrane (e.g., silastic membrane) 
that would separate the Fujiwara reagent and the aqueous sample, and allow 
vapors of halogenated hydrocarbons to permeate selectively into the Fujiwara 
reagents.  The use of a membrane, however, prolongs the response time.  It is 
one of the reasons for our use of halogenated hydrocarbons samples in aqueous 
n-Bu4NOH and dipyridyl systems without exceeding the threshold for water.  The 
samples that we are targeting for these modified Fujiwara reagents include 
halogenated hydrocarbons in the vapor phase, dissolved in water, soaked in soil 
or mud, and as dense non-aqueous phase liquid (DNAPL). 
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Part 6 
Development of a Controlled-Release Polymer for Delivery of 
Dipyridyls and a Tetraalkyl Ammonium Hydroxide 
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6.1.  Introduction 
Controlled-release polymers (CRPs) have been intensively investigated 
for the delivery of various drugs, reagents, and biological species.1-7  Many 
different polymers including poly(vinyl alcohol), poly(ethylene-vinyl acetate), 
poly(ethylene), and poly(propylene) have been used for controlled release 
delivery.1  Some CRPs have demonstrated the ability to deliver reagents at a 
constant rate over long periods of time.2-5  Several attributes including ease of 
synthesis, lack of chemical reactivity, cost effectiveness, and consistent delivery 
of reagents make CRPs very attractive for delivery of reagents. 
We have been interested in the delivery of 2,2′-dipyridyl (or 4,4′-dipyridyl) 
and tetra-n-butylammonium hydroxide (n-Bu4NOH) using controlled-release 
polymers (CRPs).  As reported in Part 5 of this dissertation, these chemicals are 
reagents for the detection and quantification of HHCs by the modified Fujiwara 
reactions, and they need to be replenished for continuous monitoring of HHCs.  
Studies have been conducted to replenish these reagents by a pump.8  This 
dissertation part will discuss our recent studies to develop CRP monoliths of 
poly(vinyl alcohol) (PVA) for the delivery of 2,2′-dipyridyl, 4,4′-dipyridyl and n-
Bu4NOH.   
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6.2.  Experimental 
 
6.2.1.  Reagents 
Poly(vinyl alcohol) (Scientific Polymer Products, 99% hydrolyzed, MW 
86,000), tetrahydrofuran (THF) (Fisher, certified), 2,2′-dipyridyl (Acros, 99+%), 
4,4′-dipyridyl (Acros, 98%), and tetra-n-butylammonium hydroxide (n-Bu4NOH) 
(Lancaster, 40 w/w% aqueous solution) were used as received.  Deionized water 
was used in the preparation of all PVA gels. 
 
6.2.2.  Instrumentation 
A Hewlett-Packard 8452 photodiode array UV-visible spectrophotometer 
was used in the current studies.  All blank and sample spectra were collected in 
standard 1.0 cm quartz cuvettes. 
 
6.2.3.  Synthesis of the PVA Monolith and Incorporation of Reagents 
 The method used to make the PVA monolith (Figure 6.1) is similar to that 
reported in the literature.3  Monoliths of various sizes were made using a 15 
w/w% solution of PVA beads in deionized water contained in a 50-mL 
polyethylene vial.  The vial containing the PVA beads and water was placed into 
a 90 °C water bath for six hours.  Afterwards the contents of the vial were in the 
form of a viscous liquid.  The vial was then removed from the water bath, and the 
mixture in the vial was stirred using a glass stirring rod.  The viscous PVA 
solution was then loaded with up to 6.3 w/w% of 2,2′-dipyridyl, or 2.5 w/w% of  
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Figure 6.1.  Schematic of the procedure used in the preparation of the PVA 
monoliths. 
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4,4′-dipyridyl, or 9.9 w/w% of n-Bu4NOH, and stirred thoroughly to give a 
homogeneous reagent/PVA mixture.  The vial was then reinserted into the 90 °C 
water bath for 15 min so that any bubbles trapped in the molten polymer could 
escape. 
After the vials containing the polymer were removed from the water bath 
and allowed to slowly cool to room temperature for one hour, the gels were 
placed into a −20 °C freezer for 18 hours.  The vials containing the gels were 
then removed from the freezer and allowed to thaw to 25 °C for 6 hours.  This 
freeze-thaw cycle was repeated for a total of five times.  At the conclusion of the 
freeze-thaw process, mechanically stable, reagent-loaded PVA monoliths were 
obtained (Figure 6.2). 
 
6.2.4.  Controlled-Release Experimental Design 
 Experiments were conducted in which the release of a reagent from a 
PVA monolith was monitored as a function of time.  Tetrahydrofuran was chosen 
as the solvent for the release experiments due to its earlier use with modified 
Fujiwara reactions.  A reagent-loaded PVA monolith was immersed in THF 
contained in a sealed Florence flask maintained at 25 °C (Figure 6.3).  As a 
control, a monolith containing no reagents was immersed in the same volume of 
THF in a separate sealed Florence flask.  Samples of a precisely measured 
volume were periodically removed from each flask by micropipette and replaced 
with fresh solvent thus maintaining perfect sink conditions.  The samples were 
placed into separate 10-mL volumetric flasks and sealed so that the THF and  
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Figure 6.2.  Image of a PVA monolith used in the current studies, units on scale 
are in inches. 
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Figure 6.3.  Schematic of the experimental setup used in the diffusion 
experiments with the PVA monoliths. 
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reagents could not evaporate.  At the conclusion of the release study, all samples 
were diluted to the mark with THF.  UV-visible spectra of all samples were 
collected in sequence to minimize the errors due to spectrometer drift.  The UV-
visible spectrum from each control sample was collected and stored as the 
reference for each corresponding reagent sample. 
 Estimation of errors in the analysis is given in Appendix E. 
 
6.3.  Results and Discussion 
 
6.3.1.  Factors Affecting the Mechanical Strength of the PVA Monoliths 
It is well known that aqueous solutions of PVA gradually gel and exhibit a 
small increase in elasticity upon standing at room temperature.9  The gelation of 
aqueous solutions of PVA through freeze-thaw cycles results in the formation of 
a viscoelastic polymer with increased mechanical strength compared to those not 
freeze-thaw processed.  These polymers have been shown to exhibit very high 
elasticity, often stretching to 5-6 times their original size.3,9-11 
During the freeze-thaw processing of PVA, small domains of crystalline 
polymer are formed.10-15  These crystalline domains act as physical crosslinks 
between polymer chains.3,9,11,12  As the number of freeze-thaw cycles is 
increased, the fraction of polymer in the crystalline domain increases, as does 
the mechanical strength of the polymer.  The viscoelasticity of these polymers 
arises from polymer chains which are physically crosslinked connected by 
amorphous chain segments.3,9,11,12  Many investigations into the morphology of 
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these polymers have been conducted using small angle neutron scattering 
(SANS),12,15 X-ray diffraction (XRD),10,15 and differential scanning calorimetry 
(DSC).3,10,11 
Other factors such as the molecular weight of the polymer, percentage of 
polymer in the initial polymer-water solution, and freezing temperature have also 
been shown to contribute to the physical properties of the polymer monolith.3,9-11  
Studies have shown that the fraction of polymer in the crystalline domain was 
increased when PVA with increasing molecular weights was used in the monolith 
synthesis.3,11  Increasing the percentage of polymer in the initial PVA-water 
solution was also shown to increase the mechanical strength of the polymer 
monolith.11 
Due to the wealth of knowledge currently available regarding the 
morphology and mechanical properties of freeze-thawed PVA gels, none of these 
properties were investigated in the current studies.  The mechanical properties of 
PVA monoliths produced by the current procedure were found to be adequate for 
the current application.  Our current research has rather focused on development 
of a method for incorporating specific reagents into the PVA monoliths and 
monitoring the release characteristics of the reagents in a THF solution. 
 
6.3.1.1.  Effect of Reagent Loading on Mechanical Strength 
 Upon loading the PVA monoliths with reagent, changes in the physical 
and mechanical properties of the monoliths were expected to occur.  The 
addition of reagents was expected to possibly retard the growth of the crystalline 
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domain, thus disrupting the physical crosslinks between polymer chains.  This 
could lead to decreased mechanical strength.  However, upon loading reagents 
according to the procedure in Section 6.2.3, no change in physical or mechanical 
properties was observed in the PVA monoliths. 
 
6.3.2.  Solubility of the PVA Monolith in THF 
 One goal of this project is the release of reagents into THF solution 
without dissolution of the PVA monolith.  Literature data indicate that PVA is 
insoluble in THF.16  PVA monoliths exposed to THF solution for long periods of 
time appeared to be completely insoluble in THF.  In order to verify this 
observation, a PVA monolith was immersed in THF for one week.  After one 
week, UV-visible spectra of the THF solution exposed to the PVA monolith and 
that of pure THF were collected.  A comparison of the two spectra showed very 
little variation, indicating that there is indeed very little or no dissolution of the 
PVA monolith in THF. 
 
6.3.3.  Loading of the Reagents 
 Several methods of loading reagents into the PVA monoliths were tested.  
Methods investigated include addition of the reagent before and at various points 
during the initial heating of the PVA beads.  Addition of n-Bu4NOH before and 
during the heating process often resulted in chemical reactions of n-Bu4NOH with 
PVA.  Unlike addition of n-Bu4NOH, incorporation of 2,2′-dipyridyl or 4,4′-dipyridyl 
in the early stages of the heating process resulted in no observable chemical 
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reaction between the dipyridyl and PVA.  Addition of all reagents near the 
conclusion of the heating process resulted in no observable chemical reaction 
between the reagents and PVA.  Reagents were therefore added near the 
conclusion of the heating process to avoid chemical reaction with PVA. 
 
6.3.4.  Controlled-Release Studies 
 PVA monoliths were loaded with either 2,2′-dipyridyl, 4,4′-dipyridyl, or n-
Bu4NOH.  The diffusion properties of these reagents from the monoliths were 
tested by the method described in Part 6.2.4.  In order to have a useful CRP, it is 
necessary that the concentration of reagents released into solution from the CRP 
monolith reach a constant value.  In order to measure the rate at which the 
release of reagents occurs from these monoliths, the absorbance at max in the 
UV-visible spectra of each specific reagent was monitored as a function of time 
that the reagent-loaded PVA monolith was immersed in THF. 
 
6.3.4.1.  Controlled-Release of 2,2′-Dipyridyl from a PVA Monolith 
 A control-release study using a PVA monolith loaded with 2,2′-dipyridyl 
was conducted by the method described in Part 6.2.4.  The PVA monolith used in 
the current study (2.0243 g of PVA + 11.5 g H2O) was loaded with 0.2525 g of 
2,2′-dipyridyl according to the procedure in Part 6.2.3.  The 2,2′-dipyridyl-loaded 
PVA monolith was immersed in 1000 mL of pure THF in a sealed flask.  In order 
to quantify the release characteristics of the reagent-loaded PVA monolith, the 
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concentration of 2,2′-dipyridyl in the THF solution, calculated using Beer’s law,17 
was monitored as a function of time. 
As shown in Figure 6.4, the early stages of the study show rapid diffusion 
of 2,2′-dipyridyl from the PVA monolith.  The rapid increase in concentration is 
likely due to the rapid diffusion of the 2,2′-dipyridyl molecules near the surface of 
the monolith.  As the length of the study increases, the concentration of 2,2′-
dipyridyl reaches a constant value with little change. 
A study of the amount of 2,2′-dipyridyl released from a PVA monolith 
revealed that (93 ± 4)% of 2,2′-dipyridyl that had been loaded in the monolith was 
released into the solution.  Details of the studies are provided in Appendix E. 
In order to provide evidence that no chemical change has taken place in 
2,2′-dipyridyl that had been previously loaded into the PVA monolith, a UV-visible 
spectroscopic study was conducted.  The spectra of a freshly prepared solution 
of 2,2′-dipyridyl dissolved in THF was compared to the spectra of 2,2′-dipyridyl 
released into THF from a diffusion study.  As shown in Figure 6.5, these spectra 
match very closely, thus indicating that there is no chemical change of 2,2′-
dipyridyl during the control-release process. 
 
6.3.4.2.  Controlled-Release of 4,4′-Dipyridyl from a PVA Monolith 
A control-release study using a PVA monolith loaded with 4,4′-dipyridyl 
was conducted by the method described in Section 6.2.4.  The PVA monolith 
used in the current study (6.0014 g PVA + 34.0 g H2O) was loaded with 0.9999 g 
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Figure 6.4.  Concentration of 2,2′-dipyridyl in a THF solution during the release 
of 2,2′-dipyridyl from a PVA monolith. 
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Figure 6.5.  A comparison of the UV-visible spectrum of a freshly-prepared 
solution of 2,2′-dipyridyl dissolved in THF () with that of a solution of 2,2′-
dipyridyl released into THF from a PVA monolith (). 
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of 4,4′-dipyridyl according to the procedure in Section 6.2.3.  The 4,4′-dipyridyl-
loaded PVA monolith was immersed in 100 mL of THF in a sealed flask.  The 
concentration of 4,4′-dipyridyl in the THF solution, calculated using Beer’s law,17 
was monitored as a function of time. 
As shown in Figure 6.6, the early stages of the study show rapid diffusion 
of 4,4′-dipyridyl from the PVA monolith.  The rapid increase in concentration is 
likely due to the rapid diffusion of the 4,4′-dipyridyl molecules near the surface of 
the monolith.  As the length of the study increases, the 4,4′-dipyridyl 
concentration reaches a constant value with little change. 
A study of the amount of 4,4′-dipyridyl released from a PVA monolith 
revealed that (6.7 ± 0.3)% of 4,4′-dipyridyl that had been loaded in the monolith 
was released into the solution, reaching a concentration of ca. 3.5 mM (for a 100-
mL solution).  In comparison, the end concentration of the diffusion studies 
involving 2,2′-dipyridyl was ca. 0.85 mM (for a 1000-mL solution).  Perhaps the 
solution in the 4,4′-dipyridyl studies was so concentrated that the diffusion of 4,4′-
dipyridyl into and out of the monolith had reached an equilibrium, thus reducing 
the percentage of 4,4′-dipyridyl released from the monolith.  Details of the studies 
are provided in Appendix E. 
In order to provide evidence that 4,4′-dipyridyl did not undergo chemical 
change in the loading and controlled-release process, a UV-visible experiment 
was conducted.  The spectra of a freshly prepared solution of 4,4′-dipyridyl  
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Figure 6.6.  Concentration of 4,4′-dipyridyl in a THF solution resulting from the 
release of 4,4′-dipyridyl from a PVA monolith. 
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dissolved in THF was compared to the spectra of 4,4′-dipyridyl release into THF 
from a diffusion study.  As shown in Figure 6.7, these spectra match very closely, 
thus indicating that there is likely no chemical change. 
 
6.3.4.3.  Controlled-Release of n-Bu4NOH from a PVA Monolith 
A control-release study using a PVA monolith loaded with n-Bu4NOH was 
conducted by the method described in Part 6.2.4.  The PVA monolith used in the 
current study (2.6497 g PVA + 13.0 g H2O) was loaded with 2.000 g of 40 w/w% 
aqueous n-Bu4NOH according to the procedure in Part 6.2.3.  The n-Bu4NOH-
loaded PVA monolith was immersed in 100 mL of THF in a sealed flask.  The 
concentration of n-Bu4NOH in the THF solution, calculated using Beer’s law,17 
was monitored as a function of time. 
As shown in Figure 6.8, the early stages of the study show a slower 
diffusion of n-Bu4NOH from the PVA monolith compared to those previously 
discussed in Parts 6.3.4.1 and 6.3.4.2.  The increase in concentration later in the 
experiment also proceeded at a slower rate than in the previous two studies of 
the 2,2′- and 4,4′-dipyridyl release from PVA monoliths.  Repetitions of this 
experiment showed similar data to those in Figure 6.8.  Multiple factors are 
suspected to hinder the diffusion of the n-Bu4NOH from the PVA monolith.  n-
Bu4NOH may form hydrogen bonds with the −OH groups in the PVA monolith, 
making it difficult to release it from PVA monoliths.  With n-Bu4NOH being ionic, it 
may also dissociate into cation/anion, which could contribute to slower diffusion 
of the n-Bu4NOH from the PVA monolith. 
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Figure 6.7.  A comparison of the UV-visible spectrum of a freshly-prepared 
solution of 4,4′-dipyridyl dissolved in THF () with that of a solution of 4,4′-
dipyridyl released into THF from a PVA monolith (). 
 
 
 
 152 
 
 
 
Time (hours)
0 50 100 150
Co
n
ce
n
tra
tio
n
 
o
f n
-
Bu
4N
O
H
 
(m
M
)
0
5
10
15
20
 
 
Figure 6.8.  Concentration of n-Bu4NOH in a THF solution from the release of n-
Bu4NOH from a PVA monolith. 
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A study of the amount of n-Bu4NOH released from a PVA monolith 
revealed that (73 ± 3)% of n-Bu4NOH that had been loaded in the monolith was 
released into the solution.  Details of the studies are provided in Appendix E. 
In order to provide evidence that n-Bu4NOH did not undergo chemical 
change (other than dissociation into cation/anion in a polar solvent such as THF) 
during the loading and controlled-release process, a UV-visible experiment was 
conducted.  The spectrum of a freshly prepared solution of n-Bu4NOH dissolved  
in THF was compared to the spectrum of n-Bu4NOH released into THF from a 
PVA monolith.  As shown in Figure 6.9, these spectra match very closely, 
indicating that no chemical change has taken place. 
 
6.3.4.4.  Consistency of the Controlled-Release Rates 
Studies were conducted in order to test the consistency in the rate of 
reagent release among different reagent-loaded PVA monoliths.  Two identically 
prepared 4,4′-dipyridyl-loaded PVA monoliths were tested by the method 
described in Part 6.2.4.  The results of the diffusion studies are shown in Figure 
6.10.  The diffusion properties of the two reagent-loaded monoliths are similar.  
Although not tested, similar consistency in results is expected for the diffusion 
properties of other reagent-loaded monoliths.  The consistency in reagent 
release characteristics from these reagent-loaded monoliths indicates that at 
least in the case of 4,4′-dipyridyl, such reagent-loaded polymer monoliths may be 
mass-produced for delivery and/or sensing applications. 
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Figure 6.9.  A comparison of the UV-visible spectrum of a freshly-prepared 
solution of n-Bu4NOH dissolved in THF () with that of a solution of n-Bu4NOH 
released into THF from a PVA monolith (). 
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Figure 6.10.  Comparison of the controlled-release study results of two similarly-
prepared PVA monoliths containing 4,4′-dipyridyl. 
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6.3.5.  Limitations of PVA Monoliths for Use in the Fujiwara Reaction 
The PVA monoliths reported herein have been shown to release reagents 
at a consistent rate, making the monoliths attractive in chemical sensor 
development.  However the PVA monoliths in this study are composed of 80-90 
w/w% water.9  As reported in Part 5 of this dissertation, the modified Fujiwara 
reactions must be conducted in a low-moisture environment.  When a large 
amount of water is present, it competes with pyridine for the carbene :CX2 
intermediate, decomposing :CX2 before it reacts with pyridine to give the colored 
product in the modified Fujiwara reactions.18 
As a result, solutions of n-Bu4NOH and 2,2′- or 4,4′-dipyridyl resulting from 
controlled-release studies were found to be unsuccessful for carrying out the 
modified Fujiwara reactions.  No colored products were observed when 
chloroform was added to THF solutions of controlled-released n-Bu4NOH and 
2,2′- or 4,4′-dipyridyl. 
In order to rule out interference of dry PVA beads with the Fujiwara 
reactions, experiments were carried out in which dry PVA beads as received 
were added to a mixture of 2,2′-dipyridyl and n-Bu4NOH.  This combination of 
PVA beads and reagents was allowed to stand for 24 hours.  After 24 hours, a 
small amount of chloroform was added to the vessel, and subsequently the 
characteristic color of the modified Fujiwara reaction product was observed.  This 
test rules out interference of PVA and indirectly suggests that the water released 
from PVA monoliths had decomposed carbene intermediates in the Fujiwara 
reactions.  In other words, the process developed here and controlled-release of 
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the reagents could be used in other reactions that are not sensitive to the 
presence of water. 
In an attempt to avoid the use of water, CRP monoliths containing 2,2′-
dipyridyl, 4,4′-dipyridyl, or n-Bu4NOH were prepared from polystyrene and THF.19  
Little release of the reagents from the polystyrene monoliths into organic solvents 
was however observed.  Controlled release from polystyrene monoliths was not 
further investigated. 
 
6.4.  Concluding Remarks 
 A method for the development of controlled-release polymers containing 
reagents used in the modified Fujiwara reactions reported in Part 5 of this 
dissertation has been developed.  The method by which the reagents were 
incorporated into the polymer matrix was found to be a critical step in the 
development of the CRPs.  The release characteristics of the reagents from the 
polymer monoliths were also found to proceed in a controlled manner.  Release 
characteristics of reagents from reagent-loaded PVA monoliths were also found 
to be consistent among different monoliths prepared similarly.  The modified 
Fujiwara reactions were found to be unsuccessful using solutions of the reagents 
released from the PVA monoliths.  However, the methodology for reagent 
delivery developed herein could have potential applications in other chemical 
sensing applications. 
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at 25 °C.  Samples were removed from the sealed vessel periodically and 
the UV-vis spectrum of each was collected in order to monitor the diffusion 
of reagents from the polystyrene monoliths.  Examination of the spectra 
showed that the reagents were not released from the polystyrene 
monoliths.  Polystyrene monoliths were therefore not further investigated 
for the replenishment of reagents in the current studies. 
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Appendix A 
 
Alternative Calculation of Absorbance in Part 2 
 
If the diffusing reagent itself has absorbance at the wavelength of 
observation, and this absorbance is not corrected as a part of reference during 
the acquisition of spectra, the absorbance by free diffusing reagent (Ar) in the 
region 0  x  u(t) needs to be considered.  The concentration of the diffusing 
reagent C(x) linearly decreases in this region as shown in Equation 2.7.  Thus, 
for both halves of the plane sheet,  
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The total absorbance At from both the product and the free diffusing reagent is 
thus:11  
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Equation A.2 suggests that, if the total absorbance (At) is monitored with 
the time (t), the slopes (K’) of the At vs. t1/2 plots with different concentrations of 
the reagent (C0) in the external solution are a linear function of 2εpC01/2 + 
εr(C03/2/L0).  The K’ vs. 2εpC01/2 + εr(C03/2/L0) plot (Equation A.3) could then be 
used as the calibration plot to determine the concentration of the reagent. 
Equations 2.15 and 2.16 are in fact a special case of the scenario in 
Equations A.2 and A.3.  When the free diffusing reagent itself has no 
absorbance, εr = 0, and Equations A.2 and A.3 become Equations 2.15 and 2.16. 
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Appendix B 
 
Estimation of Errors for Chromium Determination in Part 3 
 
B.1.  Determination of Total Chromium by Atomic Absorption 
Analysis of total chromium (III and VI) dissolved in aqueous solution 
was performed by atomic absorption (AA) spectroscopy.  In such an 
analysis, a series of standard solutions containing a known concentration 
of Cr(VI) were analyzed to give a calibration plot, an example of which is 
shown in Figure B.1.  In a calibration plot, the measured absorption 
intensity is plotted on the y axis as a function of the known concentration, 
x, for the series of the standards. 
In a typical analysis calibration standards were prepared by 
pipetting known volumes of a Cr(VI) atomic absorption standard solution 
(Aldrich, 1017 ppm Cr) into separate volumetric flasks.  Necessary sample 
matrix components were also added to the flask before diluting to the 
mark with deionized water. 
The calibration curve was found to approximate a straight line, and 
the method of the linear least squares fitting was used by the software in 
the Perkin-Elmer 5100 atomic absorption spectrometer to give the 
following equation:1 
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Figure B.1.  Calibration plot from the atomic absorption analysis of Cr 
standard solutions.  The blank was not used as a point in establishing the 
calibration plot.1 
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y = mx + b                                    (Eq. B.1) 
 
where the slope of the line, m, is equal to 0.04028; and the intercept, b, is 
equal to 0.01781 for the data in Table B.1.  The errors in the calibration 
plot yielded 3.00% error in the calculated Cr concentration.  This error is 
treated as the random error (Errorran) in the AA measurement.   
Repeated measurements of a single sample with a mean 
concentration value of 3.994 ppm showed a standard deviation of 0.018 
ppm, thus giving 0.45% relative standard deviation for the measurement.  
This is treated as the systematic error (Errorsys) associated with the 
instrument. 
The total error associated with the AA measurements (ErrorAA) was 
thus calculated by the following equation: 
 
ErrorAA = (Errorsys2 + Errorran2) 1/2                 (Eq. B.2) 
 
The value of 3.03% calculated from Equation B.2 was used as the error 
associated atomic absorption. 
 
B.2.  Determination of Cr(VI) by the Diphenylcarbazide Method and UV-Vis 
Spectroscopy 
 Diphenylcarbazide has been used extensively for determination of Cr(VI) 
in various samples.2  In Part 3 of this dissertation, diphenylcarbazide was used  
 166 
 
 
 
 
 
 
Table B.1.  Standard chromium concentrations for calibration and  
measured absorption intensities by AA 
 
Standard Concentration 
(ppm) Absorption Intensity 
1.79 0.088 ± 0.001 
3.98 0.181 ± 0.002 
7.97 0.338 ± 0.001 
9.89 0.416 ± 0.002 
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for determination of Cr(VI) in AOP-treated samples.  The following method 
describes the procedure used for preparation of standards and samples for 
Cr(VI) analysis. 
In a 25-mL volumetric flask, concentrated H2SO4 (8.75 mL) was diluted 
with deionized water.  1,5-diphenylcarbazide (0.0263 g) was weighed into a 
separate 100-mL volumetric flask.  Acetone (5.0 mL) and 2.4 mL of the 
previously prepared H2SO4 solution were then added to the flask containing the 
1,5-diphenylcarbazide and diluted with deionized water. 
Standards and samples were prepared by adding 2.5 mL of the previously 
prepared 1,5-diphenylcarbazide solution and the proper amount of Cr(VI)-
containing solution to a 25-mL volumetric flask.  Visible spectra were collected on 
an Ocean Optics S2000 miniature fiber optic spectrophotometer equipped with a 
tungsten halogen source lamp.  The spectrophotometer was interfaced to a PC 
for data collection using Ocean Optics OOIBase32 operating software.  Optimum 
results were obtained when spectra were collected approximately 15 min after 
sample preparation.  Blank samples containing only 1,5-diphenylcarbazide and 
water were used as a reference for all UV-vis measurements.  Standard curves 
in the range of 0.203-0.367 ppm Cr(VI) were prepared routinely using the above 
method. 
Calibration plots may be obtained for standards by plotting the absorbance 
at 544 nm vs. Cr(VI) concentration.  The molar absorptivity for these solutions 
was found to be 3.78 x 104 M−1cm−1 at 544 nm.  Repeated measurements of 
such a solution containing 0.300 ppm Cr(VI) yielded absorbance = 0.239 ± 0.001.  
 168 
The relative standard deviation of 0.42% was used as error in UV-vis 
measurements (ErrorUV-vis). 
 
B.3.  Error in the Calculation of Cr(VI)/Total Cr 
 Cr(VI) and total Cr concentrations in Part 3 of this dissertation were 
obtained from AA and UV-vis measurements, respectively.  The error in the 
calculation of Cr(VI)/total Cr was calculated from the errors in both AA and UV-
vis measurements by the following equation: 
 
Error = (ErrorAA2 + ErrorUV-vis2) 1/2                        (Eq. B.3) 
 
Using the errors in AA and UV-vis measurements in Parts B.1 and B.2, the error 
in the Cr(VI)/total Cr calculation was determined to be 3.06%. 
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Appendix C 
 
Estimation of Errors in Palladium Determination in Part 4 
 
C.1.  Determination of Total Palladium by Atomic Absorption 
Analysis of total palladium (0 and II) dissolved in aqueous solution 
was performed by atomic absorption (AA) spectroscopy.  In such an 
analysis, a series of standard solutions containing a known concentration 
of Pd(II) were analyzed to give a calibration plot, an example of which is 
shown in Figure C.1.  In a calibration plot, the measured absorption 
intensity is plotted on the y axis as a function of the known concentration, 
x, for the series of the standards. 
In a typical analysis calibration standards were prepared by 
pipetting known volumes of a Pd(II) atomic absorption standard solution 
(Acros, 1000.6 ppm Pd) into separate volumetric flasks.  Necessary sample 
matrix components were also added to the flask before diluting to the 
mark with deionized water. 
 
C.2.  Determination of Pd(H2O)n2+ by the N,N-Dimethyl-4-Nitrosoaniline 
Method and UV-Vis Spectroscopy 
N,N-Dimethyl-4-nitrosoaniline has been used in the determination of 
Pd(H2O)n2+ ions.1  The calibration curve was found to approximate a straight  
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Figure C.1.  Calibration plot from the analysis of Pd(H2O)n2+ standard 
solutions. 
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line, and the method of the linear least squares fitting (Equation C.1) was 
used to give the following equation for the data in Table C.1: 
 
y = mx + b = 0.6651 x + 0.009691                   (Eq. C.1) 
 
The errors in the calibration plot yielded 0.425% error in the calculated 
Pd(H2O)n2+ concentration of 0.2589 ppm.  This error is treated as the 
random error (Errorran) in the N,N-dimethyl-4-nitrosoaniline method. 
Repeated measurements of a single sample with a mean 
absorbance of 0.06147 showed a standard deviation of 0.000197 on the 
Hewlett-Packard UV-Vis 8452 spectrometer.  The relative standard 
deviation of 0.320% is treated as the systematic error (Errorsys) associated 
with the instrument. 
The total error associated with the determination of Pd(H2O)n2+ 
concentration (Error) was thus calculated by the following equation: 
 
Error = (Errorsys2 + Errorran2) 1/2                 (Eq. C.2) 
 
The value of 0.532% calculated using Equation C.2 was used as the error 
in the determination of Pd(H2O)n2+ concentration by the N,N-dimethyl-4-
nitrosoaniline method and UV-visible spectroscopy. 
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Table C.1.  Standard Pd(H2O)n2+ concentrations for calibration and 
measured absorption intensities by the N,N-dimethyl-4-nitrosoaniline method. 
 
Standard Concentration 
(ppm) Absorption Intensity 
0.198 0.1415 ± 0.0008 
0.242 0.1704 ± 0.0009 
0.257 0.1809 ± 0.0009 
0.271 0.1893 ± 0.001 
0.284 0.1990 ± 0.001 
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Appendix D 
 
Estimation of Errors in Halocarbon Measurements by the 
Hewlett-Packard UV-Vis 8452 Spectrometer in Part 5 
 
Analysis of HCCl3 and CCl4 by the modified Fujiwara reactions were 
performed by UV-vis spectroscopy.  In such an analysis, a series of 
standard solutions containing a known concentration of the analyte 
species (HCCl3 or CCl4) were analyzed to give a calibration plot, 
examples of which are shown in Figures 5.5-5.9.  In a calibration plot, the 
measured absorption intensity is plotted on the y axis as a function of the 
known concentration, x, for the series of the standards. 
In a typical analysis, calibration standards were prepared by 
pipetting known volumes of an HCCl3 or CCl4 standard solution into 
separate volumetric flasks.  Necessary reagents were also added to the 
flask before diluting to the mark with THF. 
An example is given here for the calibration plot in Figure 5.5.  The 
data for this plot are given Table D.1.  The calibration curve was found to 
approximate a straight line, and the method of the linear least squares 
fitting was used by Sigmaplot software to give the following equation: 
 
y = 0.01396 x - 4.463 x 10−3                                    (Eq. D.1) 
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Table D.1.  Standard HCCl3 concentrations for calibration and  
measured absorption intensities.  Data are from the calibration plot in 
Figure 5.5. 
Standard Concentration 
(ppm) Absorption Intensity 
0.23 0.0022583 ± 0.0000120 
0.46 0.0063477 ± 0.0000338 
0.93 0.0111 ± 0.0000591 
1.85 0.0171 ± 0.0000909 
2.32 0.0234 ± 0.000124 
4.64 0.0565 ± 0.000301 
6.95 0.0970 ± 0.000516 
9.27 0.1194 ± 0.000635 
13.91 0.1915 ± 0.00102 
18.54 0.2558 ± 0.00136 
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 The errors in the calibration plot yielded 1.14% error in the 
calculated HHC concentration.  This error is treated as the random error 
(Errorran) in the UV-vis measurement. 
 Appendix C.2 gives the systematic error (Errorsys) of 0.320% for 
measurements by the Hewlett-Packard 8452 UV-vis spectrometer.  This 
error was used here for the estimation of the systematic error. 
The total error associated with the UV-vis measurements (Error) in 
Part 5 was thus calculated by the following equation: 
 
Error = (Errorsys2 + Errorran2) 1/2                 (Eq. D.2) 
 
The value of 1.18% calculated from Equation D.2 was used as the error 
associated UV-vis measurements.  Similar error analyses for the 
calibration plots in Figures 5.6-5.8 give the values of m, b, Errorran and 
Error.  These values and those for Figure 5.5 are listed in Table D.2. 
 The total errors were used in estimating the errors in the detection 
limits in Table 5.1. 
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Table D.2.  Error analyses for Figures 5.5-5.9 
 
 m b Errorran Error 
Figure 5.5 0.01396 
−4.463 x 10−3 1.14% 1.18% 
Figure 5.6 0.03367 
−5.953 x 10−3 0.820% 0.880% 
Figure 5.7 0.03337 
−0.04489 2.30% 2.32% 
Figure 5.8 2.058 x 10−3 5.223 x 10−3 3.31% 3.33% 
Figure 5.9 8.158 x 10−3 0.09024 3.39% 3.41% 
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Appendix E 
 
Estimation of Errors and Determination of the Percentage of 
Reagents Released From Monoliths during Controlled 
Release Studies in Part 6 
 
E.1.  Estimation of Errors in the Determination of 2,2′-Dipyridyl, 4,4′-
Dipyridyl and n-Bu4NOH 
Analysis of 2,2′-dipyridyl, 4,4′-dipyridyl and n-Bu4NOH was performed 
by UV-vis spectroscopy.  In a typical analysis, calibration standards were 
prepared by pipetting known volumes of a 2,2′-dipyridyl, 4,4′-dipyridyl and n-
Bu4NOH standard THF solution into separate volumetric flasks.  Necessary 
reagents were also added to the flask before diluting to the mark with 
THF.  A series of standard THF solutions containing a known 
concentration of the analyte species were analyzed to give a calibration 
plot, yielding the molar absorptivities (ε) of (1.22 ± 0.05) x 104, (1.18 ± 
0.05) x 104, (4.75 ± 0.19) x 103 M−1 cm−1 for 2,2′-dipyridyl, 4,4′-dipyridyl and 
n-Bu4NOH, respectively. 
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E.2.  Determination of the Percentage of Reagents Released From 
Monoliths during Controlled Release Studies 
 In the controlled-release studies in Part 6 of this dissertation, the 
percentage of reagents diffused from a reagent-loaded monolith into solution was 
studied by the process discussed below.  An example is given for the release of 
2,2′-dipyridyl from a PVA monolith in Part 6.3.4.1 of this dissertation. 
 2,2′-dipyridyl (0.2525 g) was uniformly loaded into a PVA monolith to give 
a total mass of 13.777 g.  This monolith was then cut into two cylindrically-
shaped pieces, and one piece of 8.191 g was used in control-release studies.  
The mass of 2,2′-dipyridyl in this piece was 0.1501 g (or 59.45% of 0.2525 g) 
This piece of monolith was then immersed in 1000 mL of THF for control-
release studies.  In 332 hours (Figure 6.4), the concentration of 2,2′-dipyridyl 
diffused into solution reached a maximum of approximately 0.88 mM.  The 
amount of 2,2′-dipyridyl released from this PVA monolith into the 1000-mL 
solution is thus 0.14 g, and the percentage of the release is (93 ± 4)%. 
 Similar studies were performed for the release of 4,4′-dipyridyl and n-
Bu4NOH.  In the controlled-release studies of 4,4′-dipyridyl (0.817 g in a monolith 
of 33.51 g) in Part 6.3.4.2, the volume of THF used was 100 mL, and the 
concentration of 4,4′-dipyridyl reached a maximum of 3.52 mM (Figure 6.6).  The 
the percentage of the release is (6.7 ± 0.3)%.  In the controlled-release studies of 
n-Bu4NOH (0.465 g in a monolith of 12.48 g) in Part 6.3.4.3, the volume of THF 
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used was 100 mL, and the concentration of n-Bu4NOH reached a maximum of 20 
mM (Figure 6.8).  The percentage of the release is (73 ± 3)%. 
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